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CONSTRUCTION AND OPERATIONS 
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Advisor: Bruce I. Dvorak 
Many small, rural communities struggle with aging or inadequate water resource 
recovery facilities (WRRFs), and face challenges in constructing and operating such 
systems. Although existing literature has provided insight into the environmental 
sustainability of large systems including both the construction and operational phases, 
these studies have not examined small systems in adequate depth or breadth. The 
environmental impacts associated with construction may be notable for small WRRFs 
since the initial construction can be a larger share of the total life cycle environmental 
impact. 
 The goal of this work is to provide the environmental sustainability profiles of 12 
mechanical WRRFs in Nebraska using life cycle assessment (LCA) methodology. A 
detailed inventory of the construction and operational data was developed. Foreground 
data was collected from site visits, regulators, consulting engineers, and online databases. 
Background data was collected via the Ecoinvent database. The environmental profiles 
were created using SimaPro and the TRACI impact assessment method. 
Both the construction and the operational phases should be considered when 
evaluating the environmental sustainability of a small WRRF. For a majority of the 
impact categories, the individual contribution of the construction phase and operational 
phase to the overall environmental burden is higher than 5%. Variability among the 12 
 
 
profiles was observed. Key factors influencing this variability include operational energy, 
construction materials, and overdesign of a facility.  It was found that high operating 
energy impacts are associated with operational issues at a facility, and high construction 
impacts are associated with auxiliary materials. WRRFs that are overdesigned typically 
possess high environmental impacts due to high operational energy usage and/or 
overdesigned infrastructure.  
Three scenario sensitivity analyses were performed to evaluate factors that 
influence the environmental sustainability profile of a plant. These analyses evaluated 
design life, alternative energy sources, and end-of-life impacts. The results of this study 
have been compiled into a summary table, which may be especially useful for key 
stakeholders during the initial planning and design phase of small WRRFs. 
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Chapter 1: Introduction 
1.1 Introduction 
Water resource recovery facilities (WRRFs) are necessary infrastructure systems 
in today’s society. The function of a WRRF is to treat raw wastewater to protect public 
health and the environment. It is vital that the overall benefits of WRRFs exceed the 
environmental impacts of their operations and infrastructure. Therefore, it is of interest to 
various stakeholders such as state and local regulators, utility owners and operators, 
practitioners, and researchers to evaluate the potential environmental impacts of WRRFs 
from a life cycle perspective. Life cycle assessment (LCA) is an environmental 
assessment tool that can directly measure the potential environmental impacts of a 
product, system, process, or service from a cradle to grave perspective (i.e., raw material 
extraction through end-of-life treatment). 
Many small, rural communities in Nebraska are currently struggling with aging or 
inadequate WRRFs. Small systems are defined as those serving communities less than 
10,000 people and with an average daily wastewater flow rate of less than 1.5 million 
gallons per day (MGD) (U.S. EPA 2016b). Additionally, small communities face 
challenges in constructing and operating these systems due to limited financial resources, 
geographically dispersed populations, land availability, climate variation, and difficulty 
hiring and retaining system operators (U.S. EPA 2016b). As these small communities 
begin the process of improving and updating their wastewater infrastructure, they must 
consider the environmental impacts of both the construction and operational phases to 
maintain an environmentally sustainable facility.  
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Although existing literature has provided some insight into the environmental 
sustainability profiles of large wastewater treatment systems, these studies have not 
explicitly examined small systems in adequate depth or breadth (Corominas et. al. 2013). 
No studies have been found to conduct an in-depth environmental impact analysis of the 
small WRRFs in the U.S. from a life cycle perspective, particularly including both the 
construction and operation stages. Sustainability assessments based on simplified 
assumptions have been conducted to understand the environmental impacts of the 
operational stage of large WRRFs and found that the environmental impacts associated 
with construction are small relative to operations. Conversely, some studies of large 
plants found the environmental impacts associated with the construction phase of large 
plants are important to consider, suggesting the environmental impacts associated with 
construction may be even more notable for small WRRFs since the initial construction 
can be a larger share of the total life cycle environmental impact (Morera et. al. 2017). 
1.2 Goals and Objectives 
The overall goal of this research is to provide the environmental sustainability 
profile of 12 case study mechanical (e.g., extended aeration, oxidation ditch, sequence 
batch reactor, and aquarius) WRRFs in Nebraska using LCA methodology to enhance the 
understanding of such systems.  
 
The specific objectives of this study are to: 
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1. Provide a detailed inventory of construction (e.g., civil works and equipment) 
and operational (e.g., operating energy, soil emissions, water emissions, and 
operating air emissions) inputs for 12 small mechanical WRRFs in Nebraska. 
2. Evaluate the environmental sustainability profiles of the 12 small mechanical 
WRRFs in Nebraska from a life cycle perspective. 
3. Identify processes, resources, and other factors that contribute to the 
variability in the environmental sustainability profile of the case studies. 
4. Provide conclusions and recommendations that may guide key stakeholders in 
making initial design and construction decisions for small WRRFs. 
Results of this study are anticipated to show that the construction phase produces 
non-negligible environmental impacts for WRRFs in small, rural communities. Results of 
this study are anticipated to show that the construction phase produces notable 
environmental impacts of WRRFs in small, rural communities. These findings will assist 
key stakeholders in making informed decisions during the planning, design, and 
construction of small WRRFs as the aging infrastructure begins to undergo renovations 
and replacements.  
1.3 Thesis Organization 
 This thesis is organized into five chapters. A literature review, presented in 
Chapter 2, provides an overview of wastewater infrastructure in small communities, 
small mechanical WRRFs, LCA methodology, and LCA related to small mechanical 
WRRFs. Chapter 3 describes the methods used for data collection and analysis. Chapter 4 
presents and discusses the results of the LCA study, as well as three scenario sensitivity 
analyses. Chapter 5 provides the conclusions of the LCA study and proposes 
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recommendations for areas of future research. References and appendices are included at 
the end of this thesis to provide supplemental information, such as data collected during 
this study and detailed figures and tables of the results. 
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Chapter 2: Literature Review 
2.1 Introduction 
A review of current literature was conducted to better understand the knowledge 
gaps associated with assessing the environmental sustainability of small mechanical 
WRRFs. The review began with wastewater infrastructure in small communities and 
specific mechanical wastewater treatment technologies, followed by a review of LCA 
processes and methodologies. Review continued by examining LCAs conducted in the 
wastewater treatment sector. Once the literature was examined, knowledge gaps to be 
filled by the current research were identified.  
2.2 Wastewater Infrastructure in Small Communities 
Small and/or rural communities are defined as those with 10,000 or less people 
and an average daily wastewater flow rate of less than 1.5 MGD (U.S. EPA 2016b). 
Many of these small, rural communities in Nebraska and surrounding regions struggle 
with aging or inadequate WRRFs, which is a notable issue as the EPA estimates 95% of 
Nebraska’s WRRFs serve small communities (U.S. EPA 2016a). The American Society 
of Civil Engineers (ASCE) estimates by 2032 there will be a 23% increase in demand for 
wastewater treatment. With such an increase, the current systems will need to undergo 
upgrades and replacements to meet the demand while simultaneously meeting regulatory 
requirements (ASCE 2017).  
Such upgrades and replacements are often difficult for small communities to 
make, as these small communities face challenges in constructing and operating 
wastewater treatment systems due to limited financial resources, geographically 
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dispersed populations, land availability, climate variation, and difficulty hiring and 
retaining system operators (Pearson 2007). According to ASCE (2017), of the major 
infrastructure categories that are federally funded, water services receives less than 5% 
of the total funding. Additionally, small towns across the U.S. report that meeting federal 
and local wastewater requirements are some of their most expensive infrastructure 
projects (ASCE 2017).  
Loan programs are available to municipalities, such as the Clean Water State 
Revolving Fund (CWSRF), to reduce the financial burden associated with meeting 
wastewater requirements. A community must consider many factors when applying for a 
CWSRF loan, including the cost and environmental impacts of a proposed wastewater 
system. The basic steps that Nebraska communities must take when applying for a 
CWSRF loan are outlined in the Nebraska Department of Environment and Energy 
(NDEE 2019d) Administrative Code Title 131- Rules and Regulations for The 
Wastewater Treatment Facilities and Drinking Water Construction Assistance Programs. 
Title 131 requires an environmental assessment and environmental consideration to be 
done during the general facility planning stages and in the preliminary engineering 
report. When considering the environmental impacts of a WRRF, information should be 
provided on how a selected system may impact the environment. Sustainable practices 
including environmental, social, and economic sustainability, should be considered. Such 
practices include water and energy efficiency, green infrastructure, and other aspects of 
sustainability that can be incorporated into the system’s design (NDEE and DHHS 
2019).  
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Loan programs, such as the CWSRF, often require a design planning period of at 
least 20 years, leading to the issue of overbuilding a WRRF’s infrastructure (NDEE 
2019b) in order to meet the anticipated future needs of a community. Overbuilding refers 
to the idea that a plant may be built to handle a larger flow rate than currently 
experienced to allow for growth in the community. Although WRRFs in small towns are 
typically designed with multiple pumps, basins/tanks, and equipment per 10 State 
Standards (GLUMRB 2014), small communities that apply for loan programs may 
intentionally overbuild the WRRFs with the consideration that there will not be another 
funding opportunity available for upgrades and improvements for another 20 years 
(NYSDEC 2014). This intentional overbuilding presents an issue of poor environmental 
sustainability due to the unnecessary infrastructure and the inability to accommodate 
fluctuating populations and industrial flows in small towns. Idle basins and process 
equipment, lack of modular designs, and the use of extra materials and energy needed to 
construct and operate a plant present additional environmental impacts. Therefore, it is 
imperative that municipalities aim to meet the fluctuating demand for wastewater 
treatment more closely, realizing the potential environmental impacts of an overbuilt 
system (Amores et. al. 2013).  
As ASCE mentions in the 2017 Infrastructure Report Card, the replacements and 
upgrades wastewater infrastructure needs in the coming years is inevitable (ASCE 2017). 
Therefore, providing information that may help determine the conditions under which 
one design solution may be more environmentally sustainable will be valuable to 
community leaders, consulting engineers, and state regulators.  
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2.3 Small Mechanical Water Resource Recovery Facilities 
There are several biological treatment technologies applicable to small WRRFs, 
including the conventional activated sludge system and its various modifications. The 
specific wastewater treatment technologies studied in this research are the extended 
aeration (EA) or extended aeration package (EA-P) technology, the oxidation ditch (OD) 
technology, the sequence batch reactor (SBR) technology, and the aquarius (AQ) 
technology. These technologies are considered mechanical technologies, as they use 
mechanical energy to function. The energy usage of these plants can be estimated using 
the Overall Nebraska Electric Intensity model, provided by Hanna et. al. (2018). Each 
technology is described in detail below. 
An EA plant, shown in Figure 2.1, is a modification of the activated sludge 
process that uses biological treatment to remove biodegradable organic wastes under 
aerobic conditions (U.S. EPA 2000b). During the wastewater aeration process, air must 
be supplied, mixing must occur, and pH must be controlled in the aeration basins. An 
EA-P plant is an EA plant that was pre-manufactured and placed in a small community 
(U.S. EPA 2000b).  
ODs, shown in Figure 2.2, are a modified form of the activated sludge process, 
which utilize an aerated, long term, complete mix process (U.S. EPA 2000b). These 
systems are applicable to small, isolated communities, since they require more land than 
a conventional system (U.S. EPA 2000a). According to conversations with consulting 
engineers, ODs can be designed with either a shallow or deep basin. Deeper basins have 
smaller diameters and are expected to provide more effective oxygen transfer during 
treatment. 
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SBRs, shown in Figure 2.3, are a variation of the activated sludge process that use 
biological treatment. There are five phases specific to an SBR that occur in a single tank: 
fill, react, settle, decant, and idle. SBRs are advantageous in areas with little land, small 
wastewater flows, and when treating industrial wastewater with high biological oxygen 
demand (BOD) loadings (U.S. EPA 2000b).  
An AQ plant (also known as an integrated fixed-film activated sludge system), 
shown in Figure 2.4, employs a hybrid fixed and suspended film process. This technology 
is expected to produce little to no sludge for a community (City of Wayne 2019). The 
main advantage of an AQ plant is that it can expand treatment capacity without adding 
aeration basins, by increasing biomass without increasing the suspended solids 
concentration (Tetra Tech, Inc. 2013). This feature is particularly beneficial when 
biological nutrient removal is required. 
 
 
 
 
 
 
 
 
Figure 2.1: Extended aeration process flow diagram (U.S. EPA 2000b) 
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Figure 2.3: Sequence batch reactor process flow diagram (U.S. EPA 2000b) 
Figure 2.2: Oxidation ditch process flow diagram (U.S. 
EPA 2000b) 
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2.4 Life Cycle Assessment 
 LCA is an environmental impact assessment tool that measures the potential 
environmental impacts of a product, system, or service from a cradle to grave perspective 
(i.e., raw material extraction through end-of-life treatment). LCA avoids shifting the 
environmental burden between life cycle stages by accounting for processes throughout 
the entire life cycle.  
There are various software available for LCA studies, including SimaPro, 
OpenLCA, and GaBi (Silva et. al. 2017). SimaPro is managed by PRe Consultants in the 
Netherlands; OpenLCA is managed by Green Delta, a consulting company in Berlin; and 
GaBi is managed by ThinkStep, a consulting company in Germany. Each of these 
software present LCA results using Sankey diagrams and bar charts. OpenLCA is a free, 
open source LCA tool, whereas GaBi and SimaPro have a high cost of investment, but 
have databases embedded within their licenses. Gabi and OpenLCA also have the 
capability to generate environmental product declarations (EPDs), which are verified 
documents that communicate the life cycle environmental impacts of a product to the 
public. 
Figure 2.4: Aquarius process flow diagram (Tetra Tech, 
Inc. 2013) 
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This research utilized the SimaPro software, which is the world’s leading LCA 
software package (Herrmann et. al. 2015). SimaPro is a transparent, robust, and reliable 
software that is compliant with the International Organization for Standards (ISO) 14040 
series (ISO 2006). The ISO 14040 series describes the principles and framework for 
LCA. As previously mentioned, the SimaPro software subscription includes access to 
various databases. There are many databases available, such as Ecoinvent, Thinkstep, 
U.S. Department of Agriculture (USDA) databases, and more. Ecoinvent was used in this 
study because it is an ISO compliant database available within the SimaPro software, and 
it includes around 17,000 life cycle inventory datasets (Ecoinvent 2019). 
LCA has four major steps, and each step is defined below based on ISO 14040 
and 14044 standards. As shown in Figure 2.5, the stages of LCA are all interconnected, 
making LCA an iterative assessment tool.  
 
Figure 2.5: Life cycle assessment framework – stages of an LCA (ISO 2006) 
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i) Goal and Scope Definition Phase – During this phase, the goal of the study is stated, 
the intended audience is identified, and intended use of the results is disclosed. The scope 
is also defined in this phase, which includes delineating the product system studied, the 
functional unit, the system boundaries, and the selected methodologies for the impact 
assessment. Data requirements, assumptions, limitations, and initial data quality can be 
addressed as well. 
 
ii) Life Cycle Inventory (LCI) Phase – During this phase, the relevant input and output 
data is collected. This phase is often the most intensive and time-consuming process of 
the LCA study. Whenever possible, it is optimal to use data which is directly collected to 
limit assumptions. However, due to limitations, data may also be retrieved from 
literature, industry standards, and LCI databases such as Ecoinvent. Once the data is 
inventoried, the data is normalized by a functional unit to ensure a fair assessment. Data 
quality and uncertainty should be recorded for further analysis.  
 
iii) Life Cycle Impact Assessment (LCIA) Phase – The potential environmental impacts 
of the system analyzed are presented during this phase. The inventory data is associated 
with contributions to specific environmental impact categories, such as ozone depletion 
or global warming. The LCIA phase generally reports midpoint impacts which can be 
described as the links in the cause-effect chain, rather than endpoint impacts which reflect 
the direct effect on human health and the environment (Bare et. al. 2000). This phase 
provides the initial step for the interpretation phase.   
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iv) Life Cycle Interpretation Phase – Throughout this phase, the findings from the LCI 
and LCIA phases are evaluated. The interpretation phase includes conclusions and 
recommendations consistent with the goal and scope of the study. This phase may also 
include a sensitivity analysis.  
2.5 Impact Assessment Methodology  
 The Ecoinvent database offers various impact assessment methodologies 
including IMPACT 2002+, USEtox, ReCiPe, and the Tool for Reduction and Assessment 
of Chemicals and Other Environmental Impacts (TRACI) (Hischier et. al. 2010). Each 
impact assessment method may lead to different results, even if the same inventory data 
is used. The IMPACT 2002+ LCIA methodology combines a midpoint and damage 
approach to link LCI results via 14 midpoint categories to four damage categories. This 
method provides characterization factors for almost 1,500 LCI results (Jolliet et. al. 
2003). USEtox calculates the characterization factors for human toxicity and freshwater 
ecotoxicity from both a continental and global scale (Rosenbaum et. al. 2008). ReCiPe 
translates LCI results into environmental impact scores using characterization factors at 
the midpoint and endpoint levels. As previously mentioned, midpoint indicators focus on 
the potential environmental impact whereas endpoint indicators show the environmental 
impact as it affects human health, biodiversity, and resource scarcity (RIVM, Welfare 
and Sport 2011).   
TRACI is a commonly used impact assessment methodology for LCA studies in 
the U.S. TRACI was chosen for the current study as opposed to the other impact 
assessment methods due to TRACI’s recent updates and applicability to environmental 
impacts associated with processes and systems in the U.S. TRACI quantifies the potential 
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environmental effects related to specific indicators. The impact categories analyzed by 
TRACI include: acidification, eutrophication, global climate change, ozone depletion, 
human health particulates, human health, photochemical smog, and resource depletion. 
The TRACI User’s Manual (Bare et. al. 2012) describes each impact category and its 
respective indicators in depth, as summarized below: 
• Acidification is a measure of the increasing hydrogen ion (H+) concentration in a 
local environment due to the addition of acids or other substances. Such 
substances are often air emissions which can travel many miles before being wet 
or dry deposited. The TRACI acidification model does not include site-specific 
characteristics such as acid buffer capabilities of specific environments. 
• Eutrophication is a measure of the nutrients (nitrates and phosphates) in an 
aquatic ecosystem that accelerate biological growth resulting in an undesirable 
accumulation of algal biomass. In TRACI, site-specific characterization for 
eutrophication is not available. 
• Global Climate Change, or global warming, is a measure of the average increase 
in Earth’s temperature due to human and natural activities such as greenhouse gas 
emissions. TRACI calculates the amount of greenhouse gases relative to carbon 
dioxide (CO2) using global warming potentials (GWPs) (Lakeman et. al. 1996).  
• Ozone Depletion is a measure of ozone depletion potentials (ODPs) used to 
calculate the relative importance of substances, such as chlorofluorocarbons 
(CFCs), that are expected to contribute to the depletion of the ozone layer (Bojkvo 
1998, Solomon and Albritton 1992).  
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• Human Health Particulate, or respiratory effects, is a measure of particulate 
matter and precursors to particulates that have a negative effect on human health. 
The human health impacts are calculated by modeling the portion of an emitted 
substance that is expected to be inhaled by a human being. The substances were 
characterized using PM2.5 as the reference substance.  
• Human Health is a measure of the impacts on human health from three separate 
impact categories: cancer (carcinogens), noncancer (non-carcinogens), and 
ecotoxicity. This category utilizes information from the USEtox model, which 
was developed under the Life Cycle Initiative of the United Nations Environment 
Program/Society of Environmental Toxicology and Chemistry.   
• Photochemical Smog Formation is a measure of the ground level ozone that is 
created by various chemical reactions between nitrogen oxides (NOx) and volatile 
organic compounds. The Maximum Incremental Reactivity values (Carter 1997, 
Carter 2009, Carter 2012) are used in the TRACI v2.1 due to their specificity to 
the U.S., their inclusion of human and environmental effects, and their large range 
of substances available.  
• Resource Depletion, or fossil fuel depletion, is based on fossil fuel use and is non 
site-specific. Resource depletion is difficult to quantify, as there is no legislation 
or international agreements to base the models on. However, it is necessary to 
include the impacts of resource depletion in sustainability assessments. 
A brief summary of the potential indicators for each impact category, as well as 
the cause and effect chain for each impact category is presented in Table 2.1 (Bare et. al. 
2003). 
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Table 2.1: Summary of TRACI impact category cause and effect chain 
taken from Bare et. al. (2003) 
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2.6 Sensitivity and Variability Analysis 
Sensitivity analyses evaluate the influence of various factors and assumptions on 
the results of a study. Scenario sensitivity analyses can specifically test the study’s 
system boundaries and assumptions. Scenario sensitivity analysis was applied to the 
current research based on the methods as described by Bjorklund et. al. (2002) and Guo 
et al. (2012). 
Uncertainty analyses, especially quantitative uncertainty analyses, are rarely 
performed in LCA studies (Schenck et. al. 2014). ISO standards do not specify a standard 
uncertainty analysis technique. However, it is mentioned that results obtained during the 
LCI phase should reflect results of any sensitivity analyses performed (ISO 2006). The 
interpreter is left with the independent responsibility of realizing that there is uncertainty 
associated with LCA models, and therefore comparative conclusions should not be drawn 
based on minor differences in the LCA results (Cashman et. al. 2014).  
Variability can be used to differentiate between the best and worst case scenarios 
in a given study. Variability is determined by calculating the minimum, mean, and 
maximum of the data points to provide a range. A larger error bar in a given impact 
category corresponds to a more variable and unstable data set (Molinos-Senante et. al 
2014).  
2.7 LCA Related to WRRFs 
Environmental sustainability assessment studies have been conducted to 
understand trade-offs and complementarities among environmental sustainability 
indicators associated with the operational stage of various wastewater treatment 
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technologies, often termed WRRF within the Water Environment Federation (Corominas 
et. al. 2013). Several studies have been done to evaluate the life cycle environmental 
impacts of large WRRFs, but most of these studies considered mainly the operational 
stage and neglected the detailed construction stage (Morera et. al. 2017). Most studies of 
large WRRFs stated that the environmental life cycle impacts related to the construction 
and design phases are small relative to operations, based on simplified assumptions. 
Corominas et al. (2013) analyzed 45 LCA papers on WRRFs and found that only 22 of 
those studies included the construction phase in their system boundaries, and only six of 
those found that construction had impacts worth considering. However, several studies 
that conducted detailed analyses of the construction stage of large plants have shown that 
the environmental impacts of the construction stage can be important, suggesting that the 
environmental impacts associated with construction may be even more important for 
small WRRFs where the initial construction can be a large share of the total life cycle 
environmental impact (Li et. al. 2010, Morera et. al. 2017).  
Studies that included the construction stage in their system boundaries generally 
found that the contribution of construction is higher than 5% of the total environmental 
impact, with some studies (specifically those analyzing conventional activated sludge 
systems) finding the construction to account for 43% of the total impact (Corominas et al. 
2013). Morera et al. (2017) used the ReCiPe impact assessment method and found that 
construction (civil works and equipment) can have a notable influence on impact 
categories such as metal depletion (63% of the overall impact), human toxicity and fossil 
depletion (16% of the overall impact), climate change, ozone depletion, and freshwater 
eutrophication (5-10% of the overall impact), and marine eutrophication (<1% of the 
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overall impact). In the case of metal depletion, reinforcing steel and cast iron were the 
main contributors to the impacts due to the background processes associated with them 
(e.g., electricity and materials used during the production and transport of reinforcing 
steel). For human toxicity and fossil depletion, the impacts are mainly due to the 
production and transport of materials used in the processes. The construction burden on 
freshwater eutrophication is mainly from emissions generated during steel and concrete 
production.  
The potentially notable construction impacts become an issue, especially in small 
communities of less than 2,000 population equivalents, due to their lack of economies to 
scale (Corominas et al. 2013). Mo et al. (2018) found that the construction and operation 
phases of small drinking water systems present high volumetric energy intensities and 
carbon footprints because of their lack of economies to scale, which suggests that small 
WRRFs will present similar results. Devi and Palaniappan (2017) found that the 
construction impacts become more significant as the energy efficiency of WRRF 
operations increase, which is important to note as many WRRFs are upgrading to energy 
efficient operations to reduce operational costs (Hanna et. al. 2018). Similarly, a study 
that used limited system boundaries of three small WRRFs found the construction stage 
was important for facilities with lower operating costs (Emmerson et. al. 1995). These 
findings are suggestive that construction and design phase impacts will be very important 
for small WRRFs, because of the lack of economies to scale, and the relative ratio of 
construction cost to operating cost is higher. 
Other quantitative sustainability assessments besides LCA studies have been 
conducted for wastewater treatment systems. Molinos-Senante et. al. (2014) attempted to 
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address the social sustainability by using a composite indicator approach to evaluate each 
pillar of sustainability for a unique and comprehensive review. This composite indicator 
approach aggregated indicators of social, economic, and environmental sustainability to 
provide a multidimensional assessment. Muga et. al. (2008) also did an assessment that 
analyzed the social, economic, and environmental sustainability of wastewater treatment 
technologies. Another type of quantitative study that has been done is an eco-efficiency 
study, which focuses on the idea that goods and services should be produced using fewer 
resources and by generating less waste materials and pollutants (Lorenzo-Toja et. al. 
2015). Machado et. al. (2007) also conducted an eco-efficiency study, to emphasize the 
long-term sustainability needs of small wastewater treatment systems. Lorenzo-Toja et. 
al. (2015) conducted a study of Spanish wastewater treatment plants using LCA 
combined with the data envelopment analysis (DEA) method which is a nonparametric 
method used to estimate the production frontiers in operations and economics. Other 
assessments conducted within this field include life cycle costing and social life cycle 
assessments, although these methods have not been standardized by ISO (Lorenzo-Toja 
et. al. 2016). The long-term, mutual goal for studies in the sustainability sector is to 
develop a life cycle sustainability assessment that encompasses social, economic, and 
environmental sustainability.  
Although the literature has provided insight into the environmental sustainability 
profiles of large WRRFs including both the construction and operation phases, studies 
have not explicitly examined small systems in adequate depth or breadth. No studies have 
been found to conduct an in-depth environmental impact analysis of the small WRRFs in 
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the U.S. from a life cycle perspective, particularly including both the detailed 
construction and operation stages. 
2.8 Justification for Research  
This study intends to fill the gap of limited knowledge of the environmental 
sustainability profiles of WRRFs for small communities, with a focus on the detailed 
construction and operational phases. The study will focus on WRRFs serving systems 
less than 3,000 people, since this size range is especially important to Nebraska and 
represents many of the financially struggling communities identified in the NDEE’s 
Assessing Wastewater Infrastructure Needs (AWIN) study (NDEE 2019a). The proposed 
project also addresses a critical regional water issue, aging infrastructure, which is among 
Nebraska’s top 10 water challenges as listed by the Nebraska Water Center. As the aging 
infrastructure needs to be replaced, developing information to determine the conditions 
under which a design solution may be the most environmentally sustainable will be 
valuable to community leaders, consulting engineers, and state regulators.  
This work will purposely identify the aspects of the construction and operations of 
small municipal WRRFs that result in the largest share of environmental impacts, and 
will allow for future analysis of which possible systems and system modifications may 
offer the largest incremental reduction in environmental impacts (from construction and 
operation) as the aging infrastructure is replaced. Many renovations of small WRRFs in 
the U.S. are expected to take place in the next couple decades, as the U.S. Department of 
Agriculture’s Rural Utilities Services offered $5 billion of loan and grant funds to support 
improvements of small water and wastewater systems in July of 2018, among other 
funding opportunities (Clark 2018). Such information from this research will help drive 
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future research and inform regulatory agencies and consulting engineers about the 
attributes resulting in more environmentally sustainable WRRFs.  
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Chapter 3: Methods 
3.1 Introduction  
This chapter outlines the steps taken to conduct the research, including the 
formation of the initial research question, the sources and methods used for data 
collection, and the model development that led to the results. The first section provides 
relevant background information for mechanical wastewater treatment technologies, as 
well as background information regarding the 12 case studies used for this research. The 
next section presents the goals and objectives of the research, the plan for the research, 
the data collection process, and the development of the LCA model. The last section 
discusses the LCA model developed, including the software and databases used to 
determine the overall potential environmental impacts of the WRRFs studied.  
3.2 Background 
Initial work for this research began in 2017. The University of Nebraska-Lincoln 
(UNL) Partners in Pollution Prevention (P3) interns worked with the NDEE (then called 
the Nebraska Department of Environmental Quality) to collect energy usage and plant 
equipment information from 83 out of the 109 small WRRFs in Nebraska (Hanna et. al. 
2018). Compilation of this data led to the research idea to analyze small mechanical 
WRRFs in Nebraska from a life cycle perspective rather than solely analyzing the 
operational phase. It was determined that using LCA software to analyze models based 
on case studies would provide a range of environmental sustainability profiles for small 
mechanical WRRFs in Nebraska. A study of the basic LCA framework and requirements 
was done while a focused research question was developed to determine what data would 
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be needed, how the data could be collected, and how the system could be modeled using 
LCA software. Based on the initial work done by P3 interns, a focused research question 
was developed: does initial plant construction have a notable impact on the total life cycle 
environmental impacts of small mechanical WRRFs in Nebraska? Data from local 
consulting engineers, regulatory agencies, communities, and software and online 
databases were available to help answer this question.  
The main goal of this thesis is to provide the environmental sustainability profiles 
of 12 case studies using LCA methodology to enhance understandings of small 
mechanical WRRFs in Nebraska. The objectives of this study are to provide a detailed 
inventory data set of construction and operational inputs for 12 small mechanical WRRFs 
in Nebraska, to evaluate the environmental sustainability profiles of the 12 small 
mechanical WRRFs in Nebraska from a life cycle perspective, and to identify factors that 
contribute to the variability among the environmental sustainability profiles of the case 
studies. The results of this study show the environmental sustainability profile of each 
case studied, which allows generalized conclusions for small mechanical WRRFs to be 
made. The distinction between the construction phase and the operational phase was 
determined to be an important part of this research. The construction phase includes all 
civil works and equipment processes, and the operational phase includes the energy used 
to operate the facility, as well as the emissions that result from operating the facility. 
3.2.1 Descriptions of Case Studies  
A list of the specific communities analyzed in this study and their respective plant 
type, recorded population (United States Census Bureau 2010), and flow rates (U.S. EPA 
2019) are presented in Table 3.1. The names of the communities are not provided in this 
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study as a means of privacy protection. Each community was assigned a unique letter, 
based on the relative amount of construction impact associated with the plant, as a means 
of identification throughout this research. These 12 plants were chosen because of the 
availability of the utility and construction data. The utility data had been collected for the 
83 plants in the aforementioned study conducted by Hanna et. al. (2018). In collaboration 
with local consultants, the construction plans for 12 of the 83 plants were obtained. These 
12 plants completed the construction process during one or two stages, allowing for 
complete construction plans to be available. The selected plants were, in general, built 
more recently. A majority of the plants were built between 1975 and 2012, and only three 
of the chosen plants were built earlier than 1975. A complete list of the plant build dates 
is provided in Table C11 Appendix C. These 12 plants were also selected because these 
plants provide a representative range in terms of size of small mechanical WRRFs in 
Nebraska.  
Table 3.1: Summary of communities analyzed 
Plant 
Package 
Plant 
Type1 
2010 
Community 
Population 
(people) 
Design Average 
Daily Wastewater 
Flow Rate (MGD) 
Average Daily 
Wastewater 
Flow Rate 
(MGD) 
A SBR 1,581 0.180 0.057 
B EA-P 1,561 0.220 0.129 
C OD 1,661 0.260 0.114 
D AQ 5,663 0.730 0.424 
E OD 1,670 0.820 0.225 
F EA 471 0.080 0.040 
G OD 4,487 1.800 0.910 
H EA-P 1,942 0.330 0.175 
I OD 941 0.160 0.110 
J EA 1,181 0.180 0.167 
K EA 3,569 0.500 0.389 
L OD 617 0.170 0.090 
1Oxidation ditch (OD), Extended aeration (EA), Extended aeration package (EA-P), Sequence 
batch reactor (SBR), Aquarius (AQ)  
27 
 
3.3 LCA Framework 
The four main phases of an LCA study, as discussed in Section 2.4, should be 
followed to ensure a transparent and compliant study. The goal and scope of the research 
must be clearly stated in an LCA to ensure a focused and transparent study. After the goal 
of the study is defined, relevant data within the system boundaries of the study must be 
collected. This data will aid in building the LCA model. The following section details the 
four main steps, as discussed in Section 2.4, taken to conduct the full LCA study, 
including the types of data collected, the LCA model developed, the assumptions made, 
and the system boundaries studied. A Standard Operating Procedure (SOP) is included in 
Appendix A to provide a detailed description of the methodology used in this LCA study. 
The methodology used in this study is in accordance with ISO Standards 14040 and 
14044. 
3.3.1 Goal and Scope of LCA 
The goal of this LCA is to model the environmental impacts pertaining to the 
construction and operation phases of 12 small mechanical WRRFs in Nebraska from a 
life cycle perspective. This LCA was carried out to identify the overall environmental 
sustainability of the WRRF case studies analyzed, as well as to identify which processes 
and materials may influence the environmental sustainability of a small community’s 
WRRF. The results obtained in this study provide the first step towards analyzing 
alternative planning, design, construction, and operation methods for small WRRFs, as 
well as analyzing small mechanical WRRFs’ overall sustainability using life cycle cost 
and life cycle social analyses combined with LCA. The results from this research are 
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expected to provide guidance and supporting documentation for the initial design and 
funding decisions for small WRRFs. 
The product system analyzed in this study is small WRRFs in rural Nebraska that 
employ mechanical wastewater treatment technologies (e.g., EA, EA-P, OD, SBR, and 
AQ). The function of the product system is to treat raw wastewater in order to meet 
regulatory agencies’ requirements to ensure safety for humans and the environment. 
Therefore, the functional unit utilized in this study is one cubic meter of treated 
wastewater.  
System boundaries were chosen to account for the construction and operational 
phases of the WRRFs. The model used in this research describes a cradle to grave 
analysis for treated wastewater, as shown in Figure 3.1. The chosen system boundary 
includes the raw material extraction, construction, and operation of a WRRF, as well as 
the energy usage and air, soil, and water emissions associated with treating the 
wastewater. WRRFs can be demolished after an unknown number of years have passed, 
or the facilities can be retrofitted. However, since there is limited data from the 
construction industry regarding the demolition phase associated with WRRFs, the end-of-
life phase was only considered as a possible scenario in the sensitivity analyses.  
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Figure 3.1: System boundary of LCA Study 
 
 
3.3.2 Model Development 
 The LCA model used in the study includes both the construction and operational 
phases and is shown in Figure 3.2. This model represents the life cycle process flow of a 
small mechanical WRRF, as it includes the inputs and outputs of the product system. This 
model provides a good visualization of the materials and energy sources needed to 
construct a WRRF, as well as the inputs and outputs associated with operating a WRRF. 
The construction phase comprises of the civil works and equipment processes, and the 
operational phase comprises of the energy use, water emissions from the treated effluent, 
air emissions from the biological treatment process, and soil emissions from the biosolids 
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land application. This inventory data was based on the inventory data used in a study 
conducted by Morera et. al. (2017). This simplified model, used for this research, 
represents the total inputs and outputs within the selected system boundary for the 
specified product system, with each input and output’s respective units. 
 
Figure 3.2: Product system inputs and outputs 
 
3.3.3 Model Assumptions 
 The first assumption used for this research is that OD, EA, EA-P, SBR, and AQ 
wastewater treatment systems are all considered mechanical WRRFs, as they all rely on 
the application of mechanical energy to operate effectively. Air emissions associated with 
the biological treatment of the wastewater were assumed to be a release of methane 
(CH4), nitrous oxide (N2O), and ammonia (NH3) into the atmosphere; the corresponding 
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values were estimated based on literature (Foley et. al. 2010). Energy usage associated 
with earthwork (e.g., excavation and fill) was based on literature values as well (Devi and 
Palaniappan 2017). Sludge data quality was compared with literature values and was 
deemed accurate as collected (Metcalf and Eddy 2014). Sludge production rates were 
estimated based on literature with a linear regression of sludge land application rates 
versus average effluent flow rate (see Appendix A). Transportation distance was assumed 
to be 40 kilometers (km) based on typical values used in literature (Morera et. al. 2017). 
The WRRF average design life was assumed to be 20 years based on the 10 States 
Standards (GLUMRB 2014). Lastly, although the study focuses on specific communities 
in rural Nebraska, site-specific factors such as land availability, topography of the land, 
and climate were assumed to have no effect on the Ecoinvent background data used in 
this study. This assumption could be further analyzed in a sensitivity analysis in future 
work.  
3.4 Life Cycle Assessment  
An LCA was conducted using SimaPro v8.4 and Microsoft Excel 2016 to 
thoroughly analyze the potential environmental impacts associated with both the 
construction and operational phases of 12 small mechanical WRRFs in rural Nebraska. 
SimaPro is updated frequently to ensure data quality and accuracy. Although SimaPro is 
the world’s leading LCA software, a comprehensive LCA requires a large amount of 
data, which can lead to data collection and quality limitations. Consequentially, the 
Ecoinvent v3.3 database was used to extract some data that was not easily accessible. 
Raw data is entered into a user created model, such as the one described in Section 3.3.2, 
and the life cycle environmental impacts are calculated using the specified parameters 
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and databases. A detailed inventory of the impacts identified, and their respective 
quantities, are compiled from all the given inputs. From these values, the midpoint 
impacts are calculated and categorized. Because LCA results are specific to different 
impact categories, the presentation of the data may also become difficult. The 
presentation of results is typically done in the form of comparative graphs. Results can 
also be analyzed through specific impact category reports. The results for specific impact 
categories provide a more complete evaluation of the impact the construction and 
operation of a WRRF may have on various sectors of human health and the environment. 
Because LCA modeling considers both the upstream and downstream processes, a broad 
environmental picture is provided.  
3.4.1 Life Cycle Inventory  
The data collection was a resource intensive process performed from May of 2018 
to September of 2019. Data used in this research was comprised of two types of data: 
foreground data and background data. Foreground data refers to data that can be directly 
measured, and background data refers to data that is embedded within the Ecoinvent 
database. Whenever possible, foreground data collected from site-specific sources were 
used. Foreground data was collected from various site-specific sources, and background 
data was obtained from the Ecoinvent v3.3 database. The operational inputs included 
energy usage, the construction inputs included equipment and civil works, and the 
operational outputs included soil emissions, water emissions, and air emissions related to 
the biological treatment process. All data collected were ultimately aggregated and 
organized into a Microsoft Excel spreadsheet. The raw data was preserved as collected 
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with the appropriate conversions made as separate calculations. A complete list of the 
foreground data inventory and the background data inventory is tabulated in Appendix C. 
Foreground data collected includes the energy usage, water and soil 
characteristics, construction inventory, and air emissions from the biological wastewater 
treatment process. The sources of this data include utility bill information, engineering 
design documents, NDEE discharge monitoring reports (DMRs), and the EPA’s 
Enforcement and Compliance History Online (ECHO) Database. Literature values or 
estimated average values were used in cases where direct or on-site measurements were 
not possible. Table 3.2 details the foreground data collected and their respective sources. 
The data inventory was collected as a raw number from the respective data source before 
being converted to a mass basis and then to the functional unit. All raw inventory data 
was tabulated in the Data Collection Spreadsheet, provided in Appendix B. 
 
Table 3.2: Foreground data and sources 
Foreground Data Source 
Energy Usage Plant utility bills (electricity and natural gas). 
Water and Soil 
Characteristics 
NDEE DMRs (NDEE 2019c). 
EPA’s ECHO Online Database (U.S. EPA 2019). 
Construction Inventory 
Engineering design documents. 
Literature based on Devi and Palaniappan (2017), 
GLUMRB (2014), and Morera et. al. (2017). 
Operating Air Emissions Literature based on Foley et. al. (2010). 
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Background data was collected using the Ecoinvent Database v3.3. Ecoinvent is 
compliant with ISO 14040 and 14044, and is recognized as a large, consistent, and 
transparent database. The data sources, methods of collection, and data quality varied for 
each data point in the database. In Ecoinvent v3.3, regional datasets are available for 
selected regions, and global datasets are available in most cases. This background data 
was used when data was not able to be collected on-site, or when the processes were too 
complicated to model using only directly collected data. Ecoinvent data was specifically 
used for background processes such as the U.S. electricity grid mix, processes required to 
produce building and equipment materials, and transportation inputs and outputs. The 
dataset chosen for each input and output in the LCA model was based on user judgement, 
as well as literature (Morera et. al. 2017). Each activity dataset is identified by the 
activity name, geographical location, time period, macro-economic scenario, and system 
model. Intermediate exchanges/products and wastes datasets are identified based on the 
product and additional specifications. The elementary exchanges and exchanges to and 
from the environment are identified based on the exchange names. Geographical 
locations can affect the titling of the datasets as well. Common geographical titles used in 
this study include GLO (global geography used for global datasets) and ROW (rest-of-
world, used when both a global dataset and one or more non-global datasets are available 
for the same activity, time period, and macro-economic scenario).   
3.4.2 Life Cycle Impact Assessment  
SimaPro v8.4 and Ecoinvent v3.3 were used for this research, due to their U.S. 
applicability, user friendliness, and license availability. In order to run the software, all 
inputs were collected and normalized to the functional unit over a 20 year design period. 
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The inputs were categorized into three main categories: civil works, equipment, and 
energy use. The outputs were categorized into three main categories: water emissions, 
soil emissions, and air emissions from the biological treatment process. The results of the 
study were reported based on the TRACI impact assessment method v2.1 (Bare et. al. 
2003). The TRACI results of the model provide a breakdown of processes and resources 
contributing to each impact category.  
The TRACI methodology is a commonly used impact assessment method in the 
U.S. that evaluates the potential midpoint environmental impacts of a product, system, or 
service. Because the TRACI v2.1 impact assessment method was used, the specific 
impact categories and their respective units include: 
• Ozone Depletion (kg CFC – 11 eq), 
• Global Warming (kg CO2 eq), 
• Smog (kg O3 eq), 
• Acidification (kg (SO)2 eq), 
• Fossil Fuel Depletion (MJ Surplus), 
• Eutrophication (kg Neq), 
• Ecotoxicity (CTUe), 
• Carcinogens (CTUcanc.), 
• Non-Carcinogens (CTUnoncanc.), and 
• Respiratory Effects (kg PM2.5 eq). 
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3.4.3 Life Cycle Interpretation 
While LCA is a widely accepted tool, there is still uncertainty associated with the 
results of an LCA study. With each data point collected, a new uncertainty value is 
introduced. Due to the large amount of data required to perform an LCA, there are high 
levels of uncertainty. To ensure transparency and robustness of an LCA study, admitting 
this uncertainty is a necessary part of conducting any LCA. Uncertainty in an LCA 
originates in the data inventory, or the LCI phase, due to the measured and collected 
data’s variability, as well as any uncertainties associated with the databases used. 
Uncertainty associated with the Ecoinvent v3.3 dataset is already documented by the 
Ecoinvent database. This includes uncertainty associated with any background data used 
in the study. There is some uncertainty associated with foreground data that was 
collected, such as the construction inventory, energy usage, flow rates, and the water and 
soil characteristics. However, the uncertainty associated with these inputs and outputs is 
likely low because these data sets were directly collected. Uncertainty for specific 
foreground unit processes, such as the ones previously mentioned, could be calculated in 
SimaPro v8.4 using the Monte Carlo method. However, due to lack of standardization 
and guidance by the ISO standards for conducting an uncertainty analysis, a variability 
analysis was performed instead to show the variability among the LCIA results. The 
variability was calculated by taking the maximum, minimum, and mean of each data set 
to determine the range of a given data set. This method gives insight into how variable a 
dataset may be across the 12 case studies. 
LCA studies require a large amount of data, some of which cannot be directly 
sampled. Because of this, the results of an LCA may be highly sensitive to specific 
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variables. To better show potential sensitivity trends in the model, it is often decided that 
a scenario sensitivity analyses is needed. A scenario sensitivity analysis varies a single 
variable in a model to see how changing that variable may affect the LCIA results. While 
this is not a strict mathematical model of sensitivity, the method can clearly illustrate the 
significance of one variable to an impact category. In the case of LCA, this is often the 
path taken to communicate the results (Bjorklund et. al. 2002, Guo et al. 2012).  
Three scenario sensitivity analyses were performed in the current study to 
understand how changing various parameters may influence the original study’s results. 
The first scenario sensitivity analysis analyzed the influence of plant design life. In this 
study, an original design life of 20 years was used based on the10 States Standards 
(GLUMRB 2014). However, scenarios of 10, 20, 30, 40, 50, and 60 years were analyzed 
to understand how the environmental sustainability profile may change with a shorter or 
longer design life. The plant design lives of 10 years, 30 years, 40 years, 50 years, and 60 
years were chosen as scenarios based on the range of the original plant build dates for 
each case study. Some renovations and replacements have been completed at certain 
WRRFs over the years; however, this analysis aims to present the scenario of the best and 
worst case scenario build dates. The second scenario sensitivity analysis analyzed the 
scenario of offsetting the electricity usage at a facility by introducing solar energy 
infrastructure and capabilities. The third scenario sensitivity analysis analyzed the end-of-
life scenarios for reinforced concrete infrastructure. Two scenarios were analyzed: 100% 
waste of reinforced concrete and 100% recycling of reinforced concrete. This analysis 
provided insight as to which end-of-life process may have a more environmentally 
sustainable footprint.  
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The LCIA results are presented in Chapter 4. The environmental sustainability 
profiles for each case study are provided, as well as an overall environmental 
sustainability profile using the average environmental impacts of each case study. The 
results are broken down based on the impacts of operations and construction. Specific 
factors, such as energy efficiency and facility overdesign, were evaluated to determine 
their influence on the overall environmental sustainability profile of the case studies. 
Scenario sensitivity analyses are presented in Chapter 4 as well, to show how certain 
variables influence the LCA results. 
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Chapter 4: Results and Discussion 
4.1 Introduction 
This chapter presents and discusses the results of the LCA study conducted and 
provides a list of plant attributes key stakeholders may consider when planning, 
designing, and constructing small WRRFs in Nebraska. To provide a comprehensive 
understanding of the average and individual environmental sustainability profile of the 
cases studied, a detailed inventory set of construction and operational inputs was 
developed. To add to this discussion, key processes, resources, and plant efficiency 
characteristics (e.g., energy efficiency and overdesign) were identified as contributors to 
the variability among small mechanical WRRFs in Nebraska. The environmental impacts 
from the operational phase are discussed to highlight the affects operational energy 
efficiency may have on the overall environmental sustainability of a plant. The 
environmental impacts from the construction phase are also discussed to suggest how 
infrastructure design decisions may contribute to the environmental sustainability profile 
of a plant. 
 Three scenario sensitivity analyses have been conducted to provide insight into 
alternative design decisions. The scenario of multiple design lives is analyzed to show the 
environmental impacts of construction over time. The implications of adding solar energy 
infrastructure to a plant in order to offset electricity usage are also presented. Finally, two 
end-of-life scenarios (recycling and wasting for final disposal) for reinforced concrete are 
presented to show the implications of either end-of-life scenario, without considering the 
impact of reusing recycled concrete or steel in the industry.  
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As noted previously in Chapter 3, small WRRFs are those treating an average 
flow of 1.5 MGD or less and serving 10,000 or less people. The case study results were 
presented in a particular order. The contribution of construction to the 12 communities’ 
WRRF environmental profiles, relative to the other process, was highest in the smog 
impact category at 41% of the total environmental burden. Therefore, the case studies 
were ordered from highest normalized smog impact from construction to lowest 
normalized smog impact from construction, when applicable. This ordering methodology 
was carried throughout each analysis, although some impact categories had certain 
facilities with a higher contribution of construction than Plant A. Regardless, Plants A-F 
always had a higher relative contribution of construction to each impact category when 
compared to the remaining plants (Plants G-L).  
It was assumed that all mechanical plant technologies are, on average, similar in 
terms of operations. This assumption is consistent with what Hanna et. al. (2018) found 
when looking at the operating energy of 83 small mechanical WRRFs. Hanna et. al. 
(2018) determined that factors resulting in variability among the 83 plants studied 
included design flow, population, and site-specific factors, and that these factors were 
more important than the plant technology. It is anticipated that the same idea holds true in 
the current study, where the difference between plant technology type may not be 
significant.  Therefore, the WRRFs were not compared based on the technology (EA, 
EA-P, OD, SBR, and AQ) implemented at a facility. It should be noted that the 
carcinogen impact category was focused on in much of the results due to the high relative 
contribution of construction to this category, as well as the association of this impact 
category with human health. 
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4.2 Average Environmental Sustainability Profile 
The LCA results of each case study were averaged together to better understand 
the general environmental sustainability profile of small WRRFs in Nebraska. Because 
there was a large amount of variability among the LCA results of each case study, this 
average profile serves as a reference case to aid in determining which individual plants 
have a uniquely high environmental impact to any given impact category. Figure 4.1 
illustrates this average profile, based on Table C1 provided in Appendix C.  
The normalized and characterized average environmental profile of the 12 case 
studies are presented in Figure 4.1A and Figure 4.1B, respectively. The y-axes represent 
the environmental impact, and the x-axes represent each of the 10 impact categories 
analyzed in this LCA study. The unit for the normalized environmental impact is 
“environmental impact per 1 m3 of treated wastewater per U.S. citizen per year” for a 
specific impact category.  The unit for the characterized environmental impact is “process 
contribution as a percentage of the total impact” of a specific impact category. Error bars 
are placed on Figure 4.1A to illustrate the variability in the LCI inputs, and therefore the 
LCA results, among the 12 plants. A legend detailing the processes analyzed is provided 
for Figure 4.1. 
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According to the LCA Handbook, the cutoff criteria for a process to have a 
considerable environmental contribution to a given impact category is at least 5% 
(Zampori et. al. 2016). When considering the contribution of operating energy to the 
overall average environmental burden of each impact category, the contribution is greater 
than 50%, except in the impact categories of eutrophication and non-carcinogens, where 
the effluent water emissions and treated sludge land application emissions dominate the 
categories, respectively. As operating energy is the dominating contributor to all but two 
of the ten impact categories evaluated, it is imperative that this phase is considered in this 
environmental assessment. For each impact category affected, almost all of the 
environmental burden associated with the operating energy process is due to the 
operational electricity usage (e.g., mechanical processes and machinery used for 
wastewater treatment) at a plant. The high relative contribution of operating energy to 
each impact category can be, to a certain degree, attributed to the energy intensity ratio of 
each plant, which is discussed more in detail in Section 4.3. 
Figure 4.1: Average normalized (A) and characterized (B) total environmental impact of 
the 12 case studies with error bars place on A showing the variability in LCI inputs 
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Figure 4.1 also shows that the contribution of the construction process (civil 
works and equipment) to the overall burden for each impact category, except for 
eutrophication, is greater than 5%. For each impact category affected, a relatively large 
amount of the environmental burden associated with the construction process is due to 
the wood, reinforced concrete, and piping at a plant. The piping, which is part of the 
equipment process, is an especially large contributor to the carcinogen impact category.  
A paper that reviewed 45 studies of LCA applied to wastewater found that only 
half of the papers reviewed considered construction in the system boundary, and only six 
of those found the construction process to be noteworthy (Corominas et. al. 2013). Those 
six studies consisted mainly of large plants with an average daily flow rate greater than 
1.5 MGD and serving communities greater than 10,000 people. These studies also 
considered non-mechanical technologies where operating energy usage is lowered 
drastically, increasing the relative ratio of construction to operational impacts. These 
studies also evaluated some conventional activated sludge systems because of the 
essential infrastructure in these systems. The impact categories and LCA methodologies 
also varied among these studies (Corominas et. al. 2013).  Unlike many studies in 
technical literature, Figure 4.1 clearly demonstrates that construction impacts have a 
noticeable contribution to the environmental footprint and should therefore be considered 
in this LCA. Morera et. al. (2017) found that many of the studies neglecting the 
construction process did not take into consideration a detailed construction inventory 
including both civil works and equipment (e.g., piping, fittings, valves, etc.). Therefore, 
the detailed inventory included in this study highlights the contribution of construction to 
the overall environmental footprint of a plant. The relative impact of construction to each 
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impact category can be, to some extent, attributed to the resources and materials used in 
each plant, which is discussed more in detail in Section 4.4.  
Based on the criteria given by the LCA Handbook and the results presented in 
Figure 4.1, it can be concluded that the impacts of both construction and operations are 
not negligible for small WRRFs, even when accounting for the variability among the 
individual plant LCIs. For the impact categories of eutrophication, carcinogens, non-
carcinogens, and ecotoxicity, there are large error bars, as shown in Figure 4.1A. This 
implies that there is a high variability among the LCI input data used to develop the 
average environmental sustainability profile of the 12 case studies. This variability can be 
attributed to site-specific factors such as operational efficiency, construction resources, 
and plant overdesign.  
4.3 Impacts of Operations  
As previously mentioned, the operating energy is the dominating process 
contributing to the environmental sustainability of a facility in most impact categories 
and should be evaluated in this study. The relationship between operating energy impact 
and energy intensity is illustrated in Figure 4.2. The normalized carcinogen impact from 
operating energy is plotted on the y-axis of Figure 4.2, and energy intensities of each 
plant in kilowatt hours per cubic meter (kWh/m3) are plotted on the x-axis. Two datasets 
are illustrated: the actual energy intensity and the regression estimate of energy intensity, 
represented by the unfilled circles and the filled circles in Figure 4.2, respectively.  
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The actual energy intensity was calculated by dividing each plant’s average 
annual electricity usage in kWh, by the respective plant’s average annual flow rate in 
cubic meters. The annual electricity usage and annual flow rate was determined from 
averaging three years’ worth of data, if possible. Figure 4.2 shows a positive correlation 
between the actual energy intensity and the carcinogen impact from operating energy. 
More efficient plants create less environmental impact from operating energy. This is 
intuitive, as a less efficient plant will use more energy to treat less flow than what it was 
designed to treat.  Realizing, as shown in Figure 4.1, that over half of the environmental 
impacts for the majority of the impact categories are from the operating energy, it is 
necessary to utilize both the actual and the regression estimated energy intensity to 
Figure 4.2: Carcinogen impact from operating energy vs. the actual and regression 
estimated energy intensities of each plant, highlighting Plants B, D, and I 
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identify possible situations where high operating energy impacts may be due to 
operational inefficiencies of a facility.  
The regression estimates of energy intensity were based on the Overall Nebraska 
Electric Intensity model, provided by Hanna et. al. (2018). Data collected from 83 
Nebraska facilities were used to create this model. This regression model predicts what 
the expected energy intensity of a small WRRF should be, and how it compares to other 
small WRRFs in Nebraska based on factors such as the facility’s treatment technology, 
sludge treatment process, climate-controlled floor space, average flow rate, average daily 
design flow rate, and average influent carbonaceous biochemical oxygen demand 
(CBOD5). The process for estimating the energy intensity of the case studies, based on 
the Overall Nebraska Electric Intensity model, is provided in Appendix C. It is expected 
that if a facility is operating efficiently, the actual energy use will match the energy use 
predicted by the regression model. In cases where the actual energy intensity exceeds the 
regression estimate of energy intensity, it is likely that there may be operational 
inefficiencies associated with a plant.  
When comparing the actual energy intensity to the regression estimate of energy 
intensity, most plants are relatively close in value, with the exception of Plants B, D, and 
I, labeled in Figure 4.2. Plant B has one single, oversized blower with no variable 
frequency drives (VFDs). Because there is no automation at the plant, it cannot adjust its 
electricity usage to match the fluctuation of flow. If automation is implemented at a plant 
and works properly, the ratio of energy usage to flow rate may not change significantly 
regardless of the plant’s percent design flow capacity, as the energy usage will scale 
down with decreasing flow. Therefore, lack of adequate automation limits the ability of a 
47 
 
plant to vary electricity usage based on the influent flow rate. Plant D implemented an 
AQ treatment technology system, but the system was not maintained properly and failed 
after installment. In addition, Plant D has a large grit removal system, as well as intense 
pumping rates due to the high elevations that the lift stations must overcome. Plant I has 
inadequate screening, which leads to tumbleweeds clogging the mechanical equipment. 
When electro-mechanical devices become clogged, more load is drawn from them, which 
results in faster burnout and less efficient operations.  
The relationship between energy intensity and the carcinogen impact from 
operating energy is clear. As WRRFs become less energy efficient, their environmental 
impact from operating energy increases. Many of these operational inefficiencies can be 
attributed to issues within the plant, such as lack of automation or inadequate screening, 
as demonstrated by Plants B, D, and I.  
4.4 Impacts of Construction 
Although operating energy is most often the dominating contributor to the overall 
environmental profile of a facility, construction is also a notable contributing process, as 
discussed in Section 4.2. The overall environmental sustainability profile of each plant 
for each impact category is provided in Figure 4.3. The y-axes represent the normalized 
environmental impact of a plant for a given impact category, and the x-axes identify each 
plant. As mentioned in Section 4.1, the plants are ordered from the highest smog impact 
from construction to the lowest smog impact from construction. A line is placed halfway 
between the 12 plants in each impact category to separate the plants with the highest 
normalized contribution of construction to the overall impact (Plants A-F) and the plants 
with the lowest normalized contribution of construction to the overall impact (Plants G-
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L). The impact categories were ordered from the impact category with the highest overall 
contribution of construction to the impact category with the lowest overall contribution of 
construction. A legend is provided to illustrate the contribution of each process to the 
overall environmental impact of each plant. 
Figure 4.3 can be interpreted using the criteria provided in Table C9, to determine 
key factors that often lead to higher overall environmental impacts for specific impact 
categories. Table C9 in Appendix C displays the percent difference of each plant’s 
environmental profile from the average plant’s environmental profile. Plants with a 
percent difference from the average plant’s profile greater than or equal to 80% were 
considered unique. The percent difference from the average profile was calculated using 
the following equation: 
 
% Difference From the Average = (Individual Plant Impact − Average Plant Impact)Average Plant Impact  
 
As previously mentioned, Plants A-F (the six left most plants shown on the x-axes 
of Figure 4.3) have a higher normalized contribution of construction to the overall 
environmental impact to each impact category compared to Plants G-L (the six right most 
plants shown on the x-axes of Figure 4.3). In this study, that plants with a low 
contribution of construction to the overall environmental impact are relatively similar, but 
plants with a high contribution of construction possess site-specific factors that influence 
the overall profile. Plants that have a lower contribution of construction to the overall 
environmental impact tend to have flat roofs versus wooden truss roofs, and minimal 
limestone and sand used for gravel paving and building materials.  
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Figure 4.3: Total normalized environmental impact from each plant to 
each impact category 
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The plants with unusually high relative inputs of specific resources and materials 
are presented in Table 4.1. The first column of the table lists which plants had any 
process contribution 80% or more different from the average plant’s impacts to any 
impact category. The second and third column detail the major contributing processes 
and the impact categories affected, respectively. The fourth column shows the percent 
difference in environmental impact of the listed plant from the average plant’s 
environmental impact. The fifth column identifies the primary contributing resources to 
the processes listed. The primary contributing resource was determined by breaking down 
the resources used in each plant and the associated environmental impacts of each 
resource for a given impact category. The resource with the highest environmental impact 
was then taken as the primary contributing resource to that plant. The last column in 
Table 4.1 provides reasoning as to why a higher than typical amount of the identified 
contributing resources is used in the plants.  
According to Table 4.1, resources that repeatedly have a high contribution to the 
overall environmental profile of a plant include wood and reinforced concrete. Plants A 
and B both had a higher than typical contribution of wood to their environmental profile, 
according to Table 4.1. Both facilities had buildings designed with wooden truss roofs, 
compared to most plants which had flat roofs. The high environmental impact associated 
with wood stems from the electricity required to produce the wood. This suggests that the 
design decision to implement flat roofs at a facility may have less of an environmental 
burden to many of the impact categories, decreasing the overall environmental impact of 
a plant.  
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Table 4.1: List of plants with any process contribution 80% or greater from the average 
plant profile, and reasoning for the added contribution 
Plant Process Impact Category Affected
Percent Difference 
from the Average 
Plant
Contributing Resources Justification for Additional Resources
Ozone Depletion 240%
Global Warming 178%
Smog 265%
Acidification 238%
Eutrophication 195%
Non-Carcinogens 217%
Respiratory Effects 278%
Ecotoxicity 148%
Fossil Fuel Depletion 233%
Ozone Depletion 95%
Smog 109%
Acidification 94%
Respiratory Effects 113%
Fossil Fuel Depletion 90%
Water Emissions Eutrophication 82% Nitrogen
Higher than typical nitrogen 
content in plant effluent 
water emissions.
Carcinogens 102%
Non-Carcinogens 88%
Ecotoxicity 85%
Smog 85%
Acidification 83%
Eutrophication 84%
Non-Carcinogens 87%
Ecotoxicity 81%
Ozone Depletion 218%
Global Warming 154%
Smog 148%
Acidification 149%
Eutrophication 96%
Carcinogens 92%
Respiratory Effects 134%
Ecotoxicity 80%
Fossil Fuel Depletion 162%
Carcinogens 116%
Ecotoxicity 93%
E Soil Emissions Non-Carcinogens 104%
Zinc,                            
Mercury,                       
Arsenic
Higher than typical zinc, 
mercury, and arsenic 
concentrations in the 
biosolids. 
Acidification
Eutrophication
Respiratory Effects
Equipment
Civil Works
C
B
Wood,                               
Limestone & Sand,                                  
Reinforced Concrete
Wooden truss roofs versus 
flat roofs. 
Civil Works
Wooden truss roofs versus 
flat roofs, higher than 
typical gravel walkways, 
non-process related 
concrete buildlings on-site.
A Civil Works Wood
Extensive aluminum used 
for grating and handrails, 
extensive use of VCP 
piping used for long 
forcemains within plant 
fence.
Extensive cast iron and 
PVC piping used to 
accommodate multiple, 
deep basins.
Cast Iron Piping & PVC 
Reinforced Concrete, 
Polystyrene
Extensive reinforced 
concrete used for deep OD 
basin and sidewalks, higher 
than typical polystyrene 
insulation.
F Equipment
D Soil Emissions Chromium,                    Copper
Aluminum,                          
Clay
Higher than typical 
chromium and copper 
concentrations in the 
biosolids.
J Operating Air Emissions 186% Ammonia
Higher than typical Nitrogen 
content in the sludge.
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  Plant B has a noticeable contribution of concrete to the environmental profile. 
Plant B has an on-site drinking water well building, outlined in red, in Figure 4.4. 
Therefore, Plant B uses a large amount of concrete for a building unrelated to the 
wastewater treatment process. Although the total amount of concrete used at each of the 
12 plants, including Plants B and F, is relatively similar, the percentage allocated towards 
process related (buildings/process equipment) and non-process related (buildings and 
sidewalk/paving) purposes varies as shown in Table C10 in Appendix C. This suggests 
that for a plant like Plant B, the environmental impact that stems from the production and 
transport of concrete used at a plant may decrease if the auxiliary infrastructure (i.e., non-
process related buildings and sidewalk/paving) is not implemented, slightly improving 
the overall environmental sustainability profile of a plant. 
 
 
 
 
 
 
 
 Clearly, the site-specific resources contributing to a plant affect the overall 
environmental sustainability profile of a plant, especially concerning construction 
resources. Plants using more materials (e.g. wood, reinforced concrete, etc.) than the 
Figure 4.4: Aerial view of Plant B showing the large amount of reinforced concrete used 
for the non-process related building (outlined in red) at the plant 
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average plant may have up to a 278% difference from the average plant profile, leading to 
a high contribution of construction to the overall environmental profile. 
4.5 Impacts of Overdesign 
In addition to the resources used for the operation and construction of a plant, the 
relative impact of operations and construction may also be affected by efficiency factors 
such as energy efficiency and overdesigned infrastructure. It is expected that an 
overdesigned plant is inherently less energy efficient (and therefore has a higher 
construction and operational energy impact), consistent with results found by Hanna et. 
al. (2018). The overdesign of a plant refers to the percent design flow capacity of a plant 
(i.e., how efficiently a plant is operating). The percent design flow capacity is determined 
by dividing the average daily wastewater flow rate by the design average daily 
wastewater flow rate, not including peaking factors. Flow rate is a complex parameter 
and therefore, for simplicity, this study did not account for peaking factors within the 
percent design flow capacity. A plant may be less energy efficient in its operations due to 
issues in the plant (e.g. overaerating), which may heavily influence the operational 
impact of a plant without necessarily affecting the construction impact. Additionally, a 
plant may be less energy efficient due to oversized motors or blowers without VFDs, as 
well as the constant operations required to treat the design flow regardless of fluctuation 
in flow rates.   
The normalized carcinogen impact from construction versus the normalized 
carcinogen impact from operating energy is plotted in Figure 4.5. The carcinogen impact 
category, as previously noted in Section 4.1, is presented because of the impact 
construction has to this category, as well as the human health effects associated with this 
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category. In Figure 4.5, the y-axis represents the normalized carcinogen impact from 
construction for each plant, and the x-axis represents the normalized carcinogen impact 
from operating energy for each plant. Each plant’s corresponding percent design flow 
capacity is provided within the symbol that represents the plant technology type. A 
legend is provided to distinguish the plants based on technology type. 
 
The general trend depicted in Figure 4.5 illustrates that a high construction impact 
weakly correlates to a high operating energy impact. It is expected that right-sized plants 
operating at or close to full capacity fall within the left lower quadrant of Figure 4.5, as 
both the construction and operating energy impact are expected to decrease for a right-
sized plant. This is shown in Figure 4.5 by the weak trend that plants operating at a 
higher percent design flow capacity tend to fall within this lower left quadrant.  
Figure 4.5: Normalized carcinogen impact from the construction process for each 
plant vs. normalized carcinogen impact from operating energy for each plant, 
categorized by plant technology 
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However, it is not common for small systems to be entirely right-sized in 
communities where there tends to be fluctuating flows due to inconsistent industry 
loadings and town populations. Some plants, such as Plant E, are expected to have a 
higher operating energy and construction impact due to its extremely low percent design 
flow capacity. However, Plant E’s location on Figure 4.5 is likely a result of proper 
automation at the plant as discussed in Section 4.3, or a mis-measurement of flow 
reported to the DMRs (NDEE 2019c). Anecdotes given throughout the data collection 
and inventory phase suggest that some plants may have only taken a flow measurement at 
one point in time during each month, neglecting the dynamic variability in the average 
flow over a given month and year. 
The general trend shown in Figure 4.5 can be most clearly seen when isolating 
deep ODs in the figure (dark blue square symbol). The intended operational benefit of a 
deeper OD basin versus a shallower and wider basin, according to conversations with 
consulting engineers, is the more efficient oxygen transfer in the deeper basins as well as 
the ability to build ODs in areas where land availability may be scarce. However, for 
deep ODs (Plant G, E, and C), as the operating energy impact increases, the construction 
impact increases, and with the exception of Plant E, the percent design flow decreases 
with the increasing impacts. Figure 4.5 shows that certain factors (e.g., the infrastructure 
required to build the deep basins) override the intended operational benefit. There are no 
clear energy usage benefits observed for the deep ODs, as intended by design engineers. 
4.6 Scenario Sensitivity Analyses 
Three analyses of different scenarios were conducted to determine the influence 
of various factors on the average environmental sustainability profile of small WRRFs in 
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Nebraska. The scenarios analyzed included various design lives, the addition of solar 
energy to a plant, and the end-of-life scenarios of recycling and wasting of reinforced 
concrete. The results are presented and discussed below.  
4.6.1 Design Life 
The original study utilized a plant design life of 20 years, consistent with the 10 
State Standards for design of a WRRF (GLUMRB 2014). The assumption in this scenario 
analysis is that the flow rate and operational impacts are constant over time, and the only 
difference is the normalization period of the construction impacts. The plant build dates, 
shown in Table C11 in Appendix C, are the original year the WRRF was 
designed/constructed according to construction plans provided by consulting engineers. 
Some renovations and replacements have been completed at certain WRRFs over the 
years, however this analysis assumes a worst case scenario build date. Based on the 
information in Table C11, plant design lives of 10 years, 30 years, 40 years, 50 years, and 
60 years were chosen as scenarios to examine the influence of design life to the relative 
environmental impacts for the case studies. 
Figure 4.6 shows the average normalized environmental impact of the 12 case 
studies for six design life scenarios for the impact categories of smog and carcinogens, 
respectively. These two categories were chosen because these are the categories with the 
largest relative impact of construction. The y-axes represent the average normalized 
environmental impact to the specified impact categories, and the x-axes represent the 
various design life scenarios. As previously stated, all processes except for construction 
were assumed to have a time constant rate of impact. A legend is provided to illustrate 
the contribution of each process to the overall environmental impact for each design life. 
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Figure C1 in Appendix C provides the average normalized environmental impact of the 
12 case studies for six design life scenarios for all ten impact categories for a more 
comprehensive review. 
 
  
As shown in Figure 4.6, the impact of construction to the impact categories of 
both smog and carcinogens decreases with an increased design life scenario. This is 
consistent for all impact categories. All other processes (operating energy, water 
emissions, soil emissions, and operating air emissions) have a constant normalized 
environmental impact regardless of the design life due to the constant operation 
assumption. The impact of construction (civil works and equipment) decreases as design 
life increases because the initial impact of the construction process will be amortized over 
Figure 4.6: Average normalized environmental impact from construction for the 12 
case studies for six design life scenarios for impact categories where there is a 
noticeable influence of design life on the impact of construction 
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time, meaning the infrastructure will be used over a longer time period for the same 
operations.  
4.6.2 Solar Energy Use 
On-site renewable energy generation has become of interest to the wastewater 
treatment field (Strazzabosco et. al. 2019). Although there are various sources for 
renewable energy generation at a WRRF, the implementation of solar energy may 
provide an economically feasible and quick way to reduce the demand requirements of a 
small WRRF quickly, decreasing the operational energy impacts to the overall 
environmental sustainability of a plant. Plant G has recently installed solar panels and 
was therefore used as a reference case for the scenario of implementing solar energy at 
each of the remaining 11 case studies. Data regarding the solar energy implementation at 
Plant G, shown in Appendix C, was provided by the plant operator. Plant G had a solar 
production capacity of 1.45 megawatt hours per kilowatt (MWh/kW), which was 
assumed to be the production capacity for each case study. Based on conversations with 
consultants and communities in Nebraska, the solar production ratio was assumed to be 
roughly 0.7. Assuming a solar production ratio of 0.7 reduces the potential of offsetting 
100% of the electricity used at a facility, which could lead to issues such as excess solar 
generation and increased plant load and demand. The calculations used to determine the 
solar infrastructure input needed for the LCI phase, and its results, are shown in 
Appendix C. 
Figure 4.7 shows the comparison of the average normalized environmental impact 
for the 12 case studies considering the scenario of solar energy use at the plants versus 
the average normalized environmental impact for the 12 case studies without solar energy 
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use for each of the 10 impact categories. The y-axes represent the average normalized 
environmental impact to each impact category, and the x-axes show each of the ten 
impact categories. A legend is provided to illustrate the contribution of each process to 
the overall environmental impact for each impact category.  
 
  
As shown in Figure 4.7, regardless of the impact category, the solar infrastructure 
adds to the overall contribution of construction. However, the contribution of operating 
energy to the overall average environmental profile decreases due to the assumed offset 
of 70% of the average electricity usage for the case studies. The increase in the 
contribution of the construction process is due to the increased amount of materials and 
Figure 4.7: Comparison of the average normalized environmental impact for the 12 case 
studies considering the scenario of solar energy use versus the average normalized 
environmental impact for the 12 case studies without solar energy use for each impact 
category 
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resources required to implement the solar infrastructure. The percent increase of the 
construction impact for each category due to the addition of solar infrastructure is shown 
numerically in Table C14 in Appendix C. Certain categories, such as ecotoxicity, 
eutrophication, and ozone depletion, are more affected by the additional infrastructure 
due to the emissions produced throughout its production. The addition of solar energy at 
a small plant may be a feasible way to see overall environmental sustainability 
improvements within a plant due to the drastic reduction of operational impacts, as 
illustrated in Figure 4.7.  
4.6.3 End of Life  
The original LCA did not account for the end-of-life phase (e.g., demolition of a 
WRRF) due to the infrequent demolition of small WRRFs and consequentially, a lack of 
data available on this phase. However, the end-of-life phase may be an important 
consideration in LCA studies of small WRRFs due to the environmental impacts 
embedded within end-of-life processes. The chosen process may decrease the 
environmental impact to one category at the cost of another (Morera et. al. 2017). To 
highlight the potential importance of end-of-life, this analysis presents scenarios that use 
one of two end-of-life processes (100% recycling of reinforced concrete or 100% wasting 
of reinforced concrete for final disposal) at a WRRF, and provides the potential 
environmental impacts of either scenario. The end-of-life of the input material of 
reinforced concrete was evaluated because reinforced concrete is a large and essential 
portion of a WRRF’s built infrastructure. A transport distance of 40 km, consistent with 
original LCA conducted, was assumed for both end-of-life scenarios. The inputs needed 
for the LCI phase are shown in Appendix C. 
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Figure 4.8 shows the average relative contribution of environmental impacts for 
the average of the 12 case studies comparing two end-of-life scenarios for the amount of 
reinforced concrete used at a plant. The y-axis represents the average characterized 
environmental impact and the x-axis shows each of the ten impact categories. A legend is 
provided to illustrate the various processes contributing to the overall environmental 
burden, with the end-of-life impacts shown in black at the top of each bar. 
  
 
As shown in Figure 4.8, the environmental impacts associated with either end-of-
life scenario are relatively small compared to the total life cycle impacts for most impact 
categories. However, in the case of ozone depletion, global warming, and smog, there is a 
noticeable relative impact based on the end-of-life scenario implemented. Figure C2 in 
Appendix C shows the breakdown, by plant, of the environmental impact to these 
categories to show the variability among the plants. The environmental impacts of the 
Figure 4.8: Average characterized environmental impacts for the 12 case studies 
comparing two end-of-life scenarios for the average amount of reinforced concrete used 
at a plant for each impact category 
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wasting and recycling process are similar for each of the 12 case studies. Any differences 
in the overall percentage of the impact from the end-of-life between the plants is due to 
the amount of reinforced concrete used in a plant that would be either demolished or 
recycled. When a plant has a relatively large amount of reinforced concrete to address in 
the end-of-life phase, the impacts associated with the end-of-life may be up to half of the 
impacts for ozone depletion or smog, and 20% for global warming. Both the waste 
treatment and recycling processes are energy, resource, and waste intensive processes, 
and can therefore contribute a notable environmental impact to the life cycle profile of a 
small WRRF. The wasting process releases substantial air emissions (e.g., greenhouse 
gases) due to the energy consumed by the machinery used to demolish the construction 
waste. The diesel associated with transporting the waste to the final destination, the 
deposition of inert material at a landfill, and the particulate matter emitted into the 
atmosphere are also contributing inputs to the wasting process. The recycling process 
also requires energy for the machinery and fuel for the transportation. In addition, the 
recycling process emits particulate matter. However, literature suggests that the largest 
advantage of the recycling process is the avoided impacts associated with wasting for 
final disposal (Marinković et. al. 2013). Avoided impacts, according to Marinković et. al. 
(2013), include avoided landfilling, quarrying, and transportation.  
Although Figure 4.8 shows the recycling process to have lower potential 
environmental impacts compared to the wasting process, recycling is not always a viable 
option for small, rural facilities where the transport distance and materials required to 
recycle reinforced concrete may be significant. A sensitivity of the transport distance on 
the end-of-life phase was done considering distances varying between 40 km and 400 km, 
63 
 
shown by Figure 4.8 and Figures C3 and C4 in Appendix C. From these figures, it can be 
seen that the transport distance has a relatively small effect on the contribution of either 
end-of-life process. Therefore, if it is feasible for a small community to recycle the 
reinforced concrete, recycling should be chosen over wasting as the end-of-life scenario, 
realizing that the recycling process contributes between 0.01% and 20% in absolute value 
less than the wasting process to the overall environmental impact depending on the 
impact category as shown in Figure 4.8. Due to this minimal difference between the 
processes, if one end-of-life process is easier to implement than another, it is 
recommended that a small community simply apply the more feasible process.    
4.7 Summary 
The main attributes of plants that lead to varying environmental impacts include 
factors such as the operating energy of a plant, the resources and materials used at a plant, 
and the overdesign of a plant. A summary of attributes that tend to result in a higher 
environmental impact for specific impact categories is provided in Table 4.2 as a resource 
for stakeholders to consider during the planning and design of small WRRFs in Nebraska. 
The first two columns in Table 4.2 present a list of the attributes that typically result in a 
high environmental profile of a plant; the third column describes the effects of these 
attributes. Although Table 4.2 summarizes key factors that can be associated with high 
environmental impacts, it should be noted that the individual plant variability is larger 
than any discernable trends that can be seen. The plant sample size is small, and there are 
many site-specific factors that may lead to variability in environmental sustainability 
profiles among plants.    
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Table 4.2: Summary of attributes and their potential effects leading to unique 
environmental sustainability profiles based on the case studies examined 
Factor Affecting 
the Overall 
Environmental 
Sustainability 
Profile
% Design 
Capacity
Operating 
Impact
Construction 
Impact
↑ ↓ ↓
↓ ↑ ↓
↓ ↓ ↑
Factor Affecting 
the Overall 
Environmental 
Sustainability 
Profile
Ozone 
Depletion
Global 
Warming Smog Acidification Eutrohpication Carcinogens
Non-
Carcinogens
Respiratory 
Effects Ecotoxicity
Fossil 
Fuel 
Depletion
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
✓ ✓ ✓ ✓ ✓
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
✓ ✓ ✓ ✓ ✓
✓ ✓ ✓
✓
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
✓ ✓
✓ ✓
✓
✓
✓
✓ ✓ ✓
✓
A
lte
rn
at
iv
e 
Sc
en
ar
io
s
Recycling process has lower potential environmental impacts compared to wasting for final dispoal. End-of-life choices only appear to 
be considerable to ozone depletion, global warming, and smog. 
Deep oxidation ditch
Extened Aeration Technology
Energy Usage
Design Life
Solar Energy Usage
End-Of-Life
O
pe
ra
tio
na
l R
es
ou
rc
es
Construction impact decreases with increased design life, assuming operations remain constant over time
Solar infrastructure increases the construction impact, decreases the operational energy impact, & decreases the overall 
environmental profile
C
on
st
ru
ct
io
n 
R
es
ou
rc
es
D
es
ig
n 
A
ttr
ib
ut
es
Higher construction impact compared to shallow ODs and EAs
Higher construction impact compared to shallow ODs
Similar among mechanical technologies
Construction and Operations
Soil Emissions - Chromium
Attribute With Higher Than Typical 
Value Than the Average Plant
Wood (e.g., roof trusses)
Limestone & Sand (e.g. Gravel 
walkways and building materials)
Reinforced Concrete (e.g., auxiliary 
infrastructure)
Polystyrene (e.g., building insulation)
Water Emissions (from effluent) - 
Nitrogen
Suggestive of overdesigned plant infrastructure
Suggestive of operational issues at the plant
Suggestive that plant is right-sized
Planning and Design
Implication
Soil Emissions - Copper
Soil Emissions - Zinc
Soil Emissions - Mercury
Soil Emissions - Arsenic
Operating Air Emissions - Ammonia
Cast Iron (e.g., piping)
Plastic Pipes (e.g. PVC piping)
Aluminum (e.g. process equipment, 
grating, handrail)
Clay (e.g., VCP piping)
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Chapter 5: Conclusions and Recommendations 
5.1 Introduction 
WRRFs are necessary infrastructure systems in today’s society, as they protect 
human health and the environment. Many small rural communities serving less than 
10,000 people in Nebraska are currently struggling with aging or inadequate WRRFs due 
to challenges regarding their construction and operations. The overall goal of this 
research was to provide the environmental sustainability profiles of 12 case study 
mechanical WRRFs in Nebraska using LCA methodology. To accomplish this goal, 
several objectives needed to be met.  
The first objective was to provide a detailed inventory of the construction and 
operational phases. This was done by collecting foreground and background data 
regarding civil works, equipment, operating energy, soil emissions, effluent water 
emissions, and operating air emissions for the 12 cases. The second objective was to 
evaluate the environmental sustainability profile of the 12 case studies, using the data 
inventory, from a life cycle perspective. This objective was completed by modeling the 
case studies using the LCA software tool SimaPro v8.4, the Ecoinvent v3.3 database, and 
the TRACI v2.1 impact assessment method. An average environmental sustainability 
profile for the 12 case studies was also created to serve as a baseline throughout the 
study. The third objective was to identify processes, resources, and other factors that 
influence the variability in the environmental sustainability profiles of the 12 case 
studies. This was done by analyzing the contribution of the input and output data, such as 
operating energy and materials of construction, to the environmental profiles. Sensitivity 
analyses for the plant design life, addition of solar energy, and end-of-life phase were 
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also performed to identify potential factors influencing the environmental sustainability 
profile. The final objective was to provide conclusions and recommendations that may 
guide key stakeholders in making initial design and construction decisions for small 
WRRFs. This was done by compiling the results into a summary table, located in Section 
4.7, for key stakeholders to utilize when planning and designing small WRRFs.  
5.2 Findings 
This research led to seven major conclusions regarding the environmental impacts 
of both construction and operations. The seven main findings of this report are 
summarized below: 
1. Both the operational and construction impacts are important. Based on the 
detailed inventory of the construction and operational phases and the average 
sustainability profile of the 12 case studies, the environmental impacts of both 
construction and operations should be considered in an LCA study of small WRRFs. 
When considering the contribution of operating energy to the overall average 
environmental burden of each impact category, the contribution of this process is over 
50%, except in the categories of eutrophication and non-carcinogens. The dominating 
contribution of operating energy is due to the electricity usage of the mechanical 
plants during operations. When considering the contribution of construction to the 
overall average environmental burden of each impact category, the contribution of 
this process is over 5%, except in the category of eutrophication. Therefore, when 
considering the environmental sustainability of a small mechanical WRRF from a life 
cycle perspective, both the construction and operational phases should be analyzed.  
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2. Environmental impacts from operating energy are influenced by energy 
efficiency. As WRRFs become less energy efficient, the environmental impact from 
operating energy increases. The Overall Nebraska Electric Intensity model was used 
to compare the 12 case studies’ regression estimated energy intensity to their actual 
energy intensity. This method highlighted where there may be operational issues at a 
facility based on the distance between the actual energy intensity and the regression 
estimated energy intensity. Many operational inefficiencies can be attributed to issues 
within the plant such as lack of automation or inadequate screening. A lack of proper 
automation at a WRRF limits the ability to vary electricity usage based on fluctuating 
flow rates. Inadequate screening processes result in items like tumbleweeds clogging 
blowers, motors, etc., leading to overloaded and less efficient mechanical equipment.  
3. Environmental impacts from construction are influenced by initial design 
decisions. Plants with a low contribution of construction to the overall environmental 
impact are relatively similar, but plants with a high contribution of construction have 
site-specific factors that influence their overall profile. Construction resources that 
lead to a higher contribution to the overall environmental profile of a small WRRF 
include wood used for truss roofing and reinforced concrete used in auxiliary 
infrastructure. Design decisions to utilize more construction materials than the 
average plant at a specific WRRF may result in a higher contribution of construction 
to a plant’s environmental profile.  
4. Environmental impacts from operations and construction are influenced by 
WRRF overdesign. The relative environmental impacts of operations and 
construction are affected by overdesign factors such as energy efficiency and 
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overdesigned infrastructure. Overdesigned plants are inherently less efficient due to 
either operational inefficiencies, overdesigned infrastructure, or a mixture of both. 
Right-sized, energy efficient plants operating at a high percent design flow capacity 
are expected to have low environmental impacts from both the construction and 
operational phases. Plants with a low environmental impact from construction, a high 
environmental impact from operating energy, and a low percent design flow capacity 
are expected to have operational issues. Plants with a high environmental impact from 
construction, a low environmental impact from operating energy, and a low percent 
design flow capacity are expected to have overdesigned infrastructure.  
o Certain design decisions influence the environmental sustainability of a 
WRRF. For example, deep ODs are made with the intention of improving 
energy efficiency at the cost of increased construction. This design is expected 
to lower the environmental impact from operating energy due to more 
efficient oxygen transfer, and raise the environmental impact from 
construction due to the deeper and thicker reinforced concrete basins. 
However, this study found that there are no clear operating energy 
environmental benefits observed for deep ODs, as intended by design 
engineers, therefore increasing the environmental impact from both the 
operational energy and construction phases. This finding highlights the 
importance of evaluating a design decision from an environmental life cycle 
perspective to see where certain designs may be not as beneficial as intended.  
5. Design life influences the environmental impact of a WRRF. Environmental 
impacts from construction, regardless of impact category, decrease with increased 
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design life under the assumption of constant operations. This is because the capital 
impact of the construction process will be diluted over an increased design life.  
6. Solar energy influences the environmental impact of a WRRF. The 
implementation of solar energy is likely the most effective way to reduce the 
operational energy impacts and the overall environmental impact of a small 
mechanical WRRF. The addition of solar energy to a plant can reduce the 
contribution of operating energy to the overall average environmental impact of a 
WRRF significantly, but it will increase the contribution of construction due to the 
additional amount of resources and materials required to implement the solar 
infrastructure. 
7. End-of-life consideration does not heavily influence the environmental 
sustainability of a WRRF. Two end-of-life phases were compared for reinforced 
concrete: recycling and wasting to final disposal. When considering the end-of-life 
phase for reinforced concrete in the overall average environmental sustainability 
profile, the environmental impacts associated with this phase are small relative to the 
total life cycle impacts for most of the impact categories, regardless of if the recycling 
or wasting process is chosen. However, the ozone depletion, global warming, and 
smog impact categories have a noticeable relative impact of the end-of-life phase due 
to the energy, resource, and waste intensive processes used during these end-of-life 
processes. The process of recycling reinforced concrete has a lower potential 
environmental impact compared to the process of wasting to final disposal, regardless 
of the impact category. However, the difference between the two processes are not 
significant.  
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5.3 Recommendations for Future Research 
 Additional research should be conducted to further understand the environmental 
sustainability profiles of small mechanical WRRFs. Specific areas that merit further 
investigation include expanding the data inventory, accounting for the fluctuating flows 
in small communities, evaluating the environmental sustainability of alternative 
wastewater treatment technologies in Nebraska, studying alternative building materials, 
and conducting a comprehensive sustainability assessment. The following are suggestions 
for future research in these areas: 
• The current study analyzed 12 case studies. In these case studies, there were five 
ODs (three deep ODs), five EAs, and only one SBR and one AQ plant. It is 
suggested that additional data be collected and analyzed. Specifically, more SBR 
type plants would be useful to better determine if there are any similarities or 
differences between plant technology types. Additionally, more deep and shallow 
ODs with a range in percent design flow capacities should be collected to see if 
the trends shown in Figure 4.5 hold true. A larger sample size will allow for the 
development of a more comprehensive study and the potential presence of 
discernable trends in environmental sustainability profiles among the various 
mechanical technologies.  
• The plant design life in this study was assumed to be 20 years without considering 
changes in flow based on community populations over time. A future study 
should evaluate how the environmental impact of a small community’s WRRF 
may change with varying population. Because small WRRFs often face 
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population changes, it is important that a facility can be designed to meet 
fluctuating flow patterns over its design life.  
• Mechanical system technologies were evaluated in this study. Future research in 
this field should consider an LCA comparison of alternative treatment 
technologies (e.g. lagoon treatment systems). Lagoon wastewater treatment 
systems are common in small, rural communities in Nebraska. In cases where 
there may be operational issues or declining populations, lagoon systems may be 
more favorable than mechanical systems from an operational perspective. 
Conducting an LCA to compare the life cycle environmental impacts of 
mechanical systems to lagoon systems, including the construction and operational 
phases, can provide stakeholders a more comprehensive tool that can be used 
during the initial planning and design of small community wastewater treatment 
systems.  
• Alternative building materials, such as environmentally sustainable concrete, 
should be studied to determine the feasibility of implementing such a material into 
the construction of a small WRRF. The building materials should be evaluated 
from a mechanical standpoint (i.e., strength) as the first step. The production and 
transportation process for alternative building materials should also be studied to 
determine if, from a life cycle perspective, this is an environmentally sustainable 
alternative.  
• A comprehensive sustainability assessment should be done for each of these 12 
case studies. This includes an environmental, social, and economic sustainability 
assessment. Such an evaluation will make this study more comprehensive and 
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useful for decision makers, who must account for many different decisions when 
planning and designing a small WRRF. This study would integrate LCA with a 
social life cycle assessment and a life cycle cost analysis. Weighting could be 
done to highlight areas of importance to key stakeholders.  
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Appendix A: Standard Operating Procedure 
Environmental Sustainability Assessment of Wastewater Treatment Systems: Data 
Collection Protocol 
 
This document describes the methods that will be used to collect, organize, and 
process data for analysis of the environmental sustainability of mechanical WRRFs. 
There is variability in the amount of data provided to us on plants and the different 
methods for these situations are discussed. In general, there are 4 steps to this process: 
1.) Catalog a line item list of materials/items that the plants are composed of. 
2.) Convert items/materials into mass quantities of raw materials (unless the 
item/material is present in the LCA Ecoinvent database or information is available 
on the manufacturing of the product). 
3.) Enter data on materials and items into SimaPro to analyze the system. 
4.) Apply alternative methodologies to analyze the life cycle of small WRRFs 
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Step 1: Cataloging a Line Item List of Materials used in Construction and Operation and 
Aggregate Items That are the Same 
 
As noted previously there is some variability in the amount of data available on 
the plants that we are evaluating. For some plants, the consultants had provided a line-
item list of most of the materials related to construction. The methods for gathering this 
data is described below in part a. For some other plants, the data was only available via 
design drawings which is described in part b. 
a.) Line Item Data Available from Consultant: 
To review data from plants in which consultants provided line item lists, go to the 
“Cost Opinion” folder (shown by Figure A.1) in the secured UNL Box, and then view 
the “Final Construction Cost Opinion” file. 
 
 
 
 
 
 
 
 
 
 
 
Figure A.1: Box Data Retrieval 
The line items lists are typically divided into groups based on location within the 
plant (e.g. Civil Building, Grit Basin, UV disinfection). Some things used in construction 
of the plants are not shown in this list or are very generalized. One important thing to 
consider, is the reinforcing steel rebar that is used in concrete structures. This had been 
found to be a significant component of the construction phase. For buildings, the 
document may just note “civil building”, and does not provide a comprehensive 
breakdown of materials that it is composed of. Some buildings are composed of 
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significant quantities of concrete and rebar (especially pump stations), and others may be 
composed of brick or other materials of construction. The specific materials used can be 
derived from the drawings and is discussed more below. 
 
b.) Deriving Line Item List from Design Drawings: 
When deriving data from a drawing, it is recommended to start at the beginning of 
the document and move to the end, documenting all components clearly so that the work 
could be reviewed/reproduced if necessary. Be methodical in the data collection. For 
example, when looking at piping, fittings, and valves, start at the head works and work 
through to the end, double checking your work at each major stage.  
Reading structural drawings can be very confusing. The following video can help 
one better understand the process: https://www.youtube.com/watch?v=RitDpwVpNVQ. 
When having to make measurements from a drawing, be cautious of the scale and look 
for notes that may indicate that drawings have been downsized relative to that scale. The 
drawings will also show multiple views of the same thing (plan and profile views), so be 
careful to not double count an item such a valve. 
If a drawing is unclear, discuss with colleagues to avoid any issues with the data 
collection. There is high potential for data collection error in this step, and we want to 
minimize it because it may be pain staking and time consuming to go back to find errors. 
We will not document all materials associated with the building but will try to 
make documentation of materials that make up most of the building. We will collect data 
on amount of concrete poured for foundations and structures. We also want to determine 
the quantity and type of wall materials and roofing. Aluminum railings should be 
included. Small fittings or components that are very small and in small quantities may be 
omitted. We generally want to account for the following items from the design drawings: 
• Type, size, and length of all pipes. 
• Type, size, and number of fittings, valves, and bends. 
• Type, power, and number of electromechanical equipment (pumps, blowers, 
heaters, generators, etc.).  
• Dimensions of the buildings/structures and materials of construction 
o Floor area per level 
o Volume of whole building 
o Foundation and wall dimensions 
• Spatial footprint of process areas in the building 
• Significant building components (doors, roofing, ventilation equipment, ladders, 
railings, etc.) 
• Amount of earth required to be excavated for buildings, basins, and piping 
• Additional large components of systems (water storage tanks, mechanical hoists, 
etc.)   
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Data Collection Spreadsheet 
 A data collection spreadsheet has been developed to help catalog this information 
in a relatively convenient and organized fashion. A copy of the spreadsheet is provided in 
Appendix B. The spreadsheet allows for easy lookup of common building materials 
which can be added to if desired. Figure A.2 below shows the main data entry page. First, 
select the process category that the material falls under. Then select the Item/Material 
Type. This selection will then generate a specific list of main specifications related to that 
item. A second set of specifications will be provided based on that first specification. The 
figure below shows the process of cataloging an 8” x 6” Tee for the sludge management 
pipe network. 
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Figure A.2: Data Collection Spreadsheet “Material/Item Input” Tab 
Floor areas can be cataloged for the buildings by entering the data into the 
“Building Division” Tab shown in Figure A.3. In addition to this, enter roughly how 
much floor area is occupied by each process. This data will allow delegation of how 
much of the buildings impact should be associated with one process over another that is 
enclosed in the building. 
 
Figure A.3: Data Collection Spreadsheet “Building Division” Tab 
  
Excavation needed for pipe bury depths can be cataloged for the pipes by entering 
the diameter, length, and bury depth into the “Piping Cut and Fill” Tab shown in Figure 
A.4. Based on the pipe diameter, the trench width can be referenced based on AASHTO 
Sec 30 minimum trench widths from the following website: 
https://plasticpipe.org/pdf/chapter-6_installation_construction.pdf. The volume of earth 
required to be excavated can then be calculated based on the length and width of the pipe 
trench.  
 
Figure A.4: Data Collection Spreadsheet “Piping Cut and Fill” Tab 
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Step 2: Converting Inventoried Items into Materials Based on Mass for Entering into 
LCA Software 
Once items are aggregated by type, the amount of each material they are 
composed of by mass must be determined. Data has already been collected on many 
materials such as piping, valves, pipe fittings, and some equipment. Information on these 
items can also be found in the LCI_Inventory spreadsheet on the drive. A copy of the 
spreadsheet is provided in Appendix B. 
If the information on the item sought after is not available, look online for the 
item or something similar. Often, one can find out what something is made of and the 
weight of it by reviewing the specification sheets of the item (generally provided online). 
If the item doesn’t specify exactly how much of each material is in the item, use your best 
judgement in listing the material that makes up most of the product. 
Some items also have EPDs, which detail not only the materials that they are 
composed of, but the environmental impacts that went into producing them. If these are 
available, catalog the useful information for entering into the database. If operational 
energy cannot be separated out from the other components, do not use this because it’s 
already accounting for the operational energy use of the plant. The following site can be 
used to search for products that may have EPDs: https://www.environdec.com/. Some 
manufacturers of products will also list EPDs on their website. Look around to see if 
something is available, but don’t spend too much time on this because it is likely that 
they are not available. 
When looking at equipment, the line item list may provide very generalized terms 
such as “submersible pump” but does not specify which type. Since there are many 
different types of items composed of varying materials, we need to determine the specific 
type by reviewing the design specifications of the plant (if available). These will list the 
required specs for equipment (e.g. a pump that can pump 450 GPM at 33 ft of head, + 
from x, y, or z manufactures). If specifications are not available, we will have to rely on 
previously documented data from P3 assessments that list the horsepower of the motor 
for powering the equipment and pumping rates if documented.  
 
Figure A.5 shows the conversion of items inventoried in the “Data Collection 
Spreadsheet” into materials based on mass in the “LCI_Inventory Spreadsheet”.  
Figure A.5: Conversion of Inventoried Items into Materials Based on Mass 
  
In addition to the construction inventory data, water, energy, and biosolids data 
must be collected as well. This data was obtained from previous P3 Energy Assessments, 
NDEE discharge monitoring reports, and the ECHO online database. Air emissions from 
the biological treatment process were estimated based on literature using water 
characteristic data (Foley et. al. 2010). Biosolids quantities were estimated based on the 
discussion below and a simple linear regression shown in Figure A.6.  
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Estimating the Sludge Production Rates of Small Nebraska WRRFs 
Sludge data is not readily available for many plants that we are analyzing in this 
study. Because of this, an analysis was done to see if the average annual sludge 
production (in dry tonnes) could be correlated with the average wastewater effluent flow 
rate to develop a standard value or range of values that could be applied to all plants 
where sludge data was not available. Land application documents were collected from 
NDEEs online database for every mechanical plant that had them listed (NDEE 2019c). 
Some plants had multiple years of data in which the average was taken. In addition to 
this, data from the past energy assessments was also used. The summary of the data is 
shown below in Table A.1.  
 
Table A.1: Plant Sludge Production Rates and Average Flow rates 
Plant Avg Flow Dry Tonnes Volume (gal) 
Sludge 
Production 
(lbs/1000gal) 
1  1.23   185   960,000   0.82  
2  0.13   20   494,025   0.85  
3  0.13   9   118,750   0.37  
4  0.06   6   68,500   0.54  
5  0.04   12   17,717   1.61  
6  0.58   131   154,038   1.23  
7  0.26   30   520,260   0.62  
8  0.04   20   157,175   2.49  
9*  0.13   24   613,910   1.00  
10*  0.07   15   367,992   1.17  
11  0.25   41   1,409,886   0.89  
12  0.08   2   31,965   0.11  
13*  0.12   2   44,909   0.08  
14  0.03   3   66,043   0.61  
15  0.11   5   159,032   0.25  
*Plant currently included in LCA study 
Sludge production rates are also provided in literature that match most of the 
documented values seen here. An exception is when lime is used, which has been 
documented to show increases in sludge production. 
 
Table A.2 Literature Sludge Production Rates (lbs dry sludge / 103 gal effluent 
flow rate) 
EA- (0.7-1.0) 0.8 typical 
AS- (0.6-0.8) 0.7 typical 
Lime- around 2  
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A linear regression was performed for these plants to see if we could provide a 
generalized value for representing the small WRRFs of Nebraska. The results of this 
regression analysis are summarized in Figure A.6. The y-axis is the dry tonnes of sludge 
land applied annually for a plant and the x-axis is the average daily effluent flow rate for 
the plants.  
 
Figure A.6: Linear Regression of Annual Sludge Land Application Rates vs. Average 
Effluent Flow rate 
 
The slope of the regression results in production rate of 0.873 lbs /103-gal which 
falls well within typical literature values. It is proposed that this value be used when 
conducting our LCA analysis with plants because it representative of the local conditions 
and is more generalized. There may be data issues with some plants given the very low or 
high production rates which may lead to greater variability in the models. 
 The water, energy, biosolids, air from the treatment process, and item/material 
data is automatically filled in to the “Summary” Tab of the “LCI_Inventory Spreadsheet” 
as shown in Figure A.7. The data is split into two processes: Construction and Operation. 
The data is aggregated over a 20 year time period for each material and operational 
process in this tab, based on 10 State Standards (GLUMRB 2014). 
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Figure A.7: “Summary” Tab of Spreadsheet  
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Step 3: Entering Data into SimaPro Software 
Once the data is aggregated in the LCI_Inventory Spreadsheet, it can be 
transferred to the LCI_SimaPro Input Spreadsheet. A copy of the spreadsheet is provided 
in Appendix B. 
First the basic plant information (plant type, design flow, average flow rate, and 
% design flow) is put into this spreadsheet. Second, the aggregated data from the 
“Summary” Tab in the LCI_Inventory Spreadsheet is transferred directly into the 
LCI_SimaPro Input Spreadsheet. Figure A.8 provides an example of this process using 
Plants A and B. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.8: Transfer of LCI_Inventory Data to LCI_SimaPro Input Spreadsheet 
The transferred Summary data is then normalized by the effluent flow rate over a 
design period of 20 years for each plant and is reported below the original data. The 
normalization by the functional unit of flow rate allows a fair comparison to be made and 
aligns with the requirement of SimaPro software to normalize data by a functional unit. 
This process is shown through the example provided in Figure A.9.  
A B
Plant Type OD OD
Plant Design Flow (MGD) 0.26                         1.80 
Plant Average Flowrate (MGD) 0.114              0.91                        
%Design Flow 44% 50%
Civil Works
Excavation (m^3) 7,719              121,350                 
Reinforcing steel (kg) 97,748            652,237                 
Concrete (kg) 3,258,256       21,594,254            
Rock/Limestone (kg) 595,000          447,077                 
Sand (kg)
Insulation (polystyrene) (kg) 850                 
Brick (kg) 59,873                   
Wood (kg) 3,811              
Asphalt (kg)
Material transport (tkm) 174,791          1,008,811              
Equipment
Cast Iron (kg) 45,029            139,751                 
Stainless steel (kg) 10,706            69,936                   
Aluminum (kg) 3,671              47,721                   
Copper (kg) 138                 144                         
VCP (kg) 1,088                     
Rubber (kg) 141                 19                           
Fiber glass (kg) 706                 5,495                     
200 kW generator (unit) 1                     2                             
Polyethylene, PE (kg) 93                   
Polyvinyl chloride, PVC (kg) 1,497              268                         
Polypropylene (kg) 9                             
Energy (kWh)
Material Transport (tkm) 2,734              11,661                   
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Figure A.9: LCI_SimaPro Input Data Normalized by Flow Rate 
 This finalized data model is then used to input the normalized data into the 
SimaPro software. This process is shown in Figure A.10 through an example for 
inputting the civil works into SimaPro for Plant A.  
 
Figure A.10: Civil Works Data Input Process 
A B
Plant Type OD OD
Plant Design Flow (MGD) 0.26                         1.80 
Plant Average Flowrate (MGD) 0.114              0.91                        
%Design Flow 44% 50%
Civil Works
Excavation (m^3) 2.44E-03 4.84E-03
Reinforcing steel (kg) 3.10E-02 2.60E-02
Concrete (kg) 4.30E-04 3.59E-04
Rock/Limestone (kg) 1.88E-01 1.78E-02
Sand (kg) 0.00E+00 0.00E+00
Insulation (polystyrene) (kg) 2.69E-04 0.00E+00
Brick (kg) 0.00E+00 2.39E-03
Wood (kg) 1.21E-03 0.00E+00
Asphalt (kg) 0.00E+00 0.00E+00
Material transport (tkm) 5.53E-02 4.02E-02
Equipment, Piping, Fittings, and Valves
Cast Iron (kg) 1.43E-02 5.57E-03
Stainless steel (kg) 3.39E-03 2.79E-03
Aluminum (kg) 1.16E-03 1.90E-03
Copper (kg) 4.37E-05 5.74E-06
VCP (kg) 0.00E+00 4.34E-05
Rubber (kg) 4.48E-05 7.69E-07
Fiber glass (kg) 2.23E-04 2.19E-04
200 kW generator (unit) 2.37E-07 5.98E-08
Polyethylene, PE (kg) 2.94E-05 0.00E+00
Polyvinyl chloride, PVC (kg) 4.74E-04 1.07E-05
Polypropylene (kg) 0.00E+00 3.51E-07
Energy (kWh) 0.00E+00 0.00E+00
Material Transport (tkm) 8.66E-04 4.65E-04
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Next, the data can be analyzed in the SimaPro Software, as shown in Figure A.11 
which continues the previous example. The TRACI Impact Assessment Method was 
chosen. Additionally, characterization or normalization can be chosen to analyze results, 
and different tabs can be selected to analyze the results. An example of the normalized 
results are shown in Figure A.12.   
 
Figure A.11: Selection of TRACI Methodology 
 
 
 
Figure A.12: Normalized LCA Results for Civil Works Process 
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The data for each process (civil works, equipment, air, water, and soil) can be 
aggregated to analyze the WRRF as a whole. Figure A.13 shows how the data may be 
aggregated before being analyzing using the same methodology as previously described.  
 
Figure A.13: Comprehensive Process Based WRRF LCA 
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Step 4: Alternative Methods 
As an alternative method for analysis, the Ecoinvent data needed to conduct the 
study can be extracted to a Microsoft Excel Spreadsheet and used to calculate the LCIA 
results in Excel. This extraction can be done by calculating the environmental impact 
associated with 1 unit of a given inventory item in SimaPro for each line item material 
used from the Ecoinvent database. These unit process results can then be copied into a 
Microsoft Excel Spreadsheet to complete the analysis in order to reduce the amount of 
times SimaPro must be ran.  
The same methods described in Figures A.9-A.12 are used to determine the 
normalized LCIA values associated with only 1 unit of the given inventory data point. 
This was done for each inventory item for each impact category as shown by the example 
of Ozone Depletion in Figure A.14.  
 
Figure A.14: Unit Process Normalized Results 
 
In some cases, the normalization factors (the factor that accounts for an impact or 
an item or process per functional unit per person per year) was not available, and 
therefore had to be calculated based on the impact category’s normalization factor given 
by TRACI impact assessment method. This step was typically done automatically within 
the SimaPro software for most of the material inventories, however some inventory items 
Category Input Ozone Depletion      
Air Emissions Ammonia-air 0.000E+00
Air Emissions Dinitrogen Monoxide 0.000E+00
Air Emissions Methane 0.000E+00
Water Emissions BOD5, Biological Oxygen Demand 0.000E+00
Water Emissions Phosphorous, total 0.000E+00
Water Emissions Nitrogen 0.000E+00
Soil Emissions Copper 0
Soil Emissions Ammonia-soil 0.00E+00
Soil Emissions Lead 0
Soil Emissions Mercury 0
Soil Emissions Arsenic 0
Soil Emissions Molybdenum 0
Soil Emissions Nickel 0
Soil Emissions Nitrate 0
Soil Emissions Cadmium 0
Soil Emissions Chromium 0
Soil Emissions Selenium 0
Soil Emissions Zinc 0
Civil Works **Mastic asphalt {GLO}| market for | Alloc Def, U 4.76E-07
Civil Works Clay brick {GLO} l market for l Alloc Def, U 2.29E-07
Civil Works Sawnwood, beam, hardwood, raw, dried (u=10%) {GLO} l market for l Alloc Def, U 0.0001
Civil Works Concrete, normal {RoW}| market for | Alloc Def, U 0.0001
Civil Works Excavation, hydraulic digger {GLO}| market for | Alloc Def, U 7.88E-07
Civil Works Limestone, crushed, washed {RoW}| market for limestone, crushed, washed | Alloc Def, U 7.45E-09
Civil Works Polystyrene foam slab for perimeter insulation {GLO}l market for l Alloc Def, U 9.55E-07
Civil Works **Reinforcing steel {GLO}| market for | Alloc Def, U 9.06E-07
Civil Works Sand {GLO}| market for | Alloc Def, U 1.44E-08
Civil Works Transport, freight, lorry >32 metric ton, EURO3 {GLO}l market for l Alloc Def, U 1.45E-07
Energy Machine operation, diesel, >= 74.57 kW, generators {GLO}l market for l Alloc Def, U 0.0001
Energy Electricity, low voltage {US}| market group for | Alloc Def, U 4.63E-07
Equipment Aluminium, cast alloy {GLO}| market for | Alloc Def, U 9.17E-06
Equipment **Cast iron {GLO}| market for | Alloc Def, U 7.51E-07
Equipment Copper {GLO}| market for | Alloc Def, U 4.12E-05
Equipment Glass fibre {GLO}| market for | Alloc Def, U 1.42E-06
Equipment **Polypropylene, granulate {GLO}l market for l Alloc Def, U 1.18E-07
Equipment **Synthetic rubber {GLO}| market for | Alloc Def, U 5.3E-06
Equipment **Steel, low-alloyed {GLO}| market for | Alloc Def, U 7.1E-07
Equipment Transport, freigh, lorry > 32 metric ton, EURO3 {GLO}l market for l Alloc Def, U 1.45E-07
Equipment (used for PE) Extrusion, plastic pipes {GLO}| market for | Alloc Def, U 2.08E-07
Equipment (used for PVC) Extrusion, plastic pipes {GLO}| market for | Alloc Def, U 2.08E-07
Equipment Light clay brick {GLO}| market for | Alloc Def, U 1.62E-07
Equipment Generator, 200kW electrical {GLO}| market for | Alloc Def, U 0.0115
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(e.g., recycling and waste of reinforced concrete) were extracted from the Ecoinvent 
database on a raw impact factor basis. The normalization factors used are described in 
Table A.2.  
Table A.2: Normalization Factors for Impact Categories Based on TRACI Methodology 
 
Once the unit process data were extracted and the unit process normalized results 
were calculated, the LCIA results could be calculated in Microsoft Excel for each case 
study, similar to the calculations done by SimaPro in Step 3. This calculation is described 
by the following: 
  
Normalization 
Factors (Impact per 
US citizen) 
Acidificatio
n - TRACI 
2.1 
Carcinogen
ics - TRACI 
2.1 
Ecotoxicit
y - TRACI 
2.1 
Eutrophicati
on - TRACI 
2.1 
Fossil fuel 
depletion - 
TRACI 2.1 
Global 
warming - 
TRACI 2.1 
Non 
carcinogenics 
- TRACI 2.1 
Ozone 
depletion - 
TRACI 2.1 
Respiratory 
effects - 
TRACI 2.1 
Smog - 
TRACI 
2.1 
US 2008 90.829936
75 
5.27E-05 11069.95
548 
21.6157757
8 
18820.37645 24223.6912
5 
0.001050306 0.16126709 24.24797806 1391.9
12432 
 
Sample Calculation for Plant A Acidification for Transport, freight, lorry >32 metric ton, EURO3 {GLO}l market for l Alloc Def, U:
Unit Process Raw Number Normalization Factor⁄ = Unit Process Normalized  ResultUnit Process Normalized  Result ∗ LCI Value = Individual Result
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Files Needed: 
• UNL Box Folder 
o Construction & Design Documents 
• Google Drive  
o WWTP LCA Study 
o P3_2016 and P3_2018 
• ECHO Online Database 
• NDEE Online Database 
• SimaPro v8.4 
o TRACI v2.1 
o EcoInvent v3.3 
• Microsoft Excel 
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Appendix B: Spreadsheets Used for LCA Study 
This section provides a blank version of each excel spreadsheet used for 
compiling and organizing inventory data, and the spreadsheets used for analyzing this 
data. Each spreadsheet is labeled.  
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Data Collection Spreadsheet: 
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LCI_Inventory Spreadsheet: 
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LCI_SimaPro Input Spreadsheet: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Plant A
Plant Type
Plant Design Flow (MGD)
Plant Average Flowrate (MGD)
Civil Works
Excavation (m^3)
Reinforcing steel (kg)
*Concrete (kg)
*Limestone (kg)
Sand (kg)
Insulation (kg)
Brick (kg)
Wood (kg)
Material transport (tkm)
Equipment, Piping, Fittings, and Valves
Cast Iron (kg)
Stainless steel (kg)
Aluminum (kg)
Copper (kg)
Vitrified clay (kg)
Rubber (kg)
Fiber glass (kg)
200 kW generator (unit)
Polyethylene, PE (kg)
Polyvinyl chloride, PVC (kg)
VCP (kg)
Polypropylene (kg)
Energy  (kWh)
Material Transport (tkm)
Energy Use
Electricity (kWh)
Natural gas (kWh)
*Generator operation (hrs)
Water Emissions
CBOD (kg)
Total N (kg)
Total P(kg)
Solid Emissions
Selenium (kg)
Arsenic (kg)
Nitrate (kg)
Ammonia (kg)
Molybdenum (kg)
Zinc (kg)
Lead (kg)
Nickel (kg)
Mercury (kg)
Chronium (kg)
Copper (kg)
Cadmium (kg)
Air Emissions
Methane (kg)
Nitrous oxide (kg)
Ammonia (kg)
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Appendix C: Data Collection and Inventory for LCA Study 
 
This section includes information pertaining to the data collection and inventory 
used to conduct the LCA study, as well as the sensitivity analyses. The raw data, modeled 
data, and calculated results are presented in this section.    
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Table C1: Normalized LCA results based on the calculation method described in 
Appendix A step 4 using the values provided in Tables C3, C4, and C5 
A B C D E F G H I J K L
Civil Works 4.57E-07 2.62E-07 2.41E-07 1.55E-07 1.76E-07 8.64E-08 7.56E-08 3.89E-08 3.02E-08 4.31E-08 3.03E-08 1.93E-08
Equipment 2.12E-08 1.38E-08 2.91E-08 1.06E-08 2.21E-08 8.11E-08 2.22E-08 1.15E-08 3.13E-08 1.74E-08 1.03E-08 3.55E-08
Operating Energy 1.17E-06 1.13E-06 7.99E-07 9.12E-07 5.24E-07 7.23E-07 4.56E-07 4.82E-07 7.85E-07 6.46E-07 5.72E-07 4.34E-07
Water Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Soil Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Operating Air Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
A B C D E F G H I J K L
Civil Works 2.07E-05 1.21E-05 1.32E-05 7.94E-06 1.18E-05 6.17E-06 5.90E-06 2.84E-06 2.35E-06 2.72E-06 2.30E-06 1.35E-06
Equipment 1.19E-06 8.35E-07 1.65E-06 7.63E-07 1.01E-06 2.86E-06 8.16E-07 5.44E-07 1.20E-06 8.70E-07 5.37E-07 1.24E-06
Operating Energy 7.09E-05 6.91E-05 4.85E-05 5.58E-05 3.19E-05 4.44E-05 2.79E-05 2.92E-05 4.82E-05 3.96E-05 3.50E-05 2.59E-05
Water Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Soil Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Operating Air Emissions 9.60E-06 6.41E-06 1.03E-05 6.96E-06 9.98E-06 4.94E-06 6.13E-06 6.88E-06 5.57E-06 1.08E-05 6.07E-06 6.02E-06
A B C D E F G H I J K L
Civil Works 4.86E-05 2.78E-05 2.46E-05 1.60E-05 1.36E-05 8.10E-06 6.84E-06 3.66E-06 2.73E-06 3.06E-06 2.77E-06 1.82E-06
Equipment 1.24E-06 8.63E-07 1.74E-06 7.69E-07 1.46E-06 3.03E-06 8.91E-07 5.79E-07 1.33E-06 9.26E-07 5.50E-07 1.32E-06
Operating Energy 3.42E-05 3.22E-05 2.30E-05 2.55E-05 1.50E-05 2.01E-05 1.28E-05 1.39E-05 2.18E-05 1.79E-05 1.61E-05 1.31E-05
Water Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Soil Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Operating Air Emissions 7.75E-08 3.01E-08 8.66E-08 5.31E-08 7.58E-08 3.98E-08 5.15E-08 6.50E-08 3.03E-08 6.40E-08 4.15E-08 3.94E-08
A B C D E F G H I J K L
Civil Works 3.49E-05 2.00E-05 1.89E-05 1.20E-05 1.23E-05 7.00E-06 6.21E-06 3.15E-06 2.48E-06 2.98E-06 2.48E-06 1.56E-06
Equipment 1.89E-06 1.25E-06 2.57E-06 1.04E-06 2.08E-06 4.56E-06 1.35E-06 8.67E-07 1.92E-06 1.47E-06 8.01E-07 2.15E-06
Operating Energy 7.21E-05 7.00E-05 4.92E-05 5.65E-05 3.24E-05 4.49E-05 2.83E-05 2.97E-05 4.87E-05 4.01E-05 3.54E-05 2.65E-05
Water Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Soil Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Operating Air Emissions 1.80E-05 2.00E-05 1.27E-05 1.08E-05 1.52E-05 2.02E-06 7.98E-06 3.11E-06 1.63E-05 4.12E-05 9.40E-06 1.63E-05
A B C D E F G H I J K L
Civil Works 6.10E-05 3.48E-05 3.80E-05 2.29E-05 2.64E-05 1.73E-05 1.63E-05 7.70E-06 6.51E-06 6.78E-06 6.34E-06 3.74E-06
Equipment 6.89E-06 4.48E-06 9.64E-06 3.47E-06 5.83E-06 1.15E-05 4.42E-06 2.88E-06 6.35E-06 5.72E-06 2.48E-06 6.53E-06
Operating Energy 6.48E-04 6.36E-04 4.45E-04 5.15E-04 2.93E-04 4.11E-04 2.58E-04 2.68E-04 4.46E-04 3.67E-04 3.23E-04 2.35E-04
Water Emissions 6.82E-04 2.26E-03 1.03E-03 1.61E-03 1.76E-03 1.16E-03 5.69E-04 4.17E-04 1.59E-03 1.38E-03 1.48E-03 1.02E-03
Soil Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Operating Air Emissions 4.76E-06 5.29E-06 3.36E-06 2.87E-06 4.03E-06 5.37E-07 2.11E-06 8.25E-07 4.33E-06 1.09E-05 2.49E-06 4.32E-06
A B C D E F G H I J K L
Civil Works 9.16E-04 5.98E-04 9.23E-04 4.93E-04 8.38E-04 6.17E-04 6.38E-04 2.95E-04 2.53E-04 2.22E-04 2.45E-04 1.35E-04
Equipment 7.05E-04 4.99E-04 9.26E-04 4.86E-04 1.47E-04 8.78E-04 2.50E-04 2.68E-04 3.37E-04 4.92E-04 2.93E-04 2.21E-04
Operating Energy 2.71E-03 2.65E-03 1.86E-03 2.15E-03 1.22E-03 1.71E-03 1.08E-03 1.12E-03 1.86E-03 1.53E-03 1.34E-03 9.84E-04
Water Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Soil Emissions 2.61E-04 1.49E-04 3.30E-04 5.85E-04 4.11E-04 3.89E-04 2.87E-04 2.70E-04 1.61E-04 4.90E-05 1.31E-04 2.13E-04
Operating Air Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
A B C D E F G H I J K L
Civil Works 2.05E-04 1.15E-04 1.21E-04 7.41E-05 7.34E-05 5.12E-05 4.75E-05 2.22E-05 1.90E-05 1.83E-05 1.84E-05 1.11E-05
Equipment 5.08E-05 3.32E-05 6.63E-05 2.85E-05 2.72E-05 6.30E-05 2.16E-05 1.97E-05 2.82E-05 3.93E-05 1.87E-05 2.60E-05
Operating Energy 4.97E-04 4.88E-04 3.41E-04 3.95E-04 2.25E-04 3.15E-04 1.98E-04 2.06E-04 3.42E-04 2.81E-04 2.47E-04 1.80E-04
Water Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Soil Emissions 2.99E-03 3.21E-03 3.88E-03 7.43E-03 9.52E-03 3.16E-03 4.24E-03 4.74E-03 3.00E-03 7.67E-03 3.77E-03 3.29E-03
Operating Air Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
A B C D E F G H I J K L
Civil Works 4.59E-05 2.59E-05 2.31E-05 1.50E-05 1.03E-05 7.37E-06 6.10E-06 3.04E-06 2.48E-06 2.52E-06 2.49E-06 1.64E-06
Equipment 2.17E-06 1.52E-06 3.03E-06 1.37E-06 1.56E-06 4.51E-06 1.39E-06 9.35E-07 2.05E-06 1.62E-06 9.34E-07 2.00E-06
Operating Energy 2.20E-04 2.15E-04 1.51E-04 1.75E-04 9.94E-05 1.39E-04 8.74E-05 9.08E-05 1.51E-04 1.24E-04 1.09E-04 7.97E-05
Water Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Soil Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Operating Air Emissions 2.39E-06 2.65E-06 1.68E-06 1.44E-06 2.02E-06 2.69E-07 1.06E-06 4.13E-07 2.17E-06 5.48E-06 1.25E-06 2.17E-06
A B C D E F G H I J K L
Civil Works 3.07E-04 1.84E-04 2.24E-04 1.29E-04 1.84E-04 1.20E-04 1.18E-04 5.52E-05 4.72E-05 4.55E-05 4.58E-05 2.62E-05
Equipment 9.09E-05 6.02E-05 1.23E-04 5.01E-05 5.00E-05 1.20E-04 4.55E-05 3.59E-05 6.31E-05 7.22E-05 3.30E-05 5.48E-05
Operating Energy 1.53E-03 1.50E-03 1.05E-03 1.21E-03 6.90E-04 9.67E-04 6.07E-04 6.31E-04 1.05E-03 8.63E-04 7.59E-04 5.53E-04
Water Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Soil Emissions 1.29E-04 5.97E-04 5.62E-04 9.54E-04 8.17E-04 2.02E-04 5.03E-04 5.01E-04 3.13E-04 8.56E-04 3.42E-04 2.36E-04
Operating Air Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
A B C D E F G H I J K L
Civil Works 3.57E-05 2.04E-05 1.89E-05 1.21E-05 1.60E-05 6.73E-06 5.91E-06 3.08E-06 2.35E-06 3.65E-06 2.39E-06 1.50E-06
Equipment 1.06E-06 7.33E-07 1.50E-06 7.09E-07 1.49E-06 3.00E-06 8.32E-07 5.53E-07 1.26E-06 7.88E-07 5.22E-07 1.30E-06
Operating Energy 7.15E-05 6.88E-05 4.86E-05 5.52E-05 3.19E-05 4.38E-05 2.76E-05 2.94E-05 4.75E-05 3.90E-05 3.47E-05 2.66E-05
Water Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Soil Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Operating Air Emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Ecotoxicity
Fossil Fuel Depletion
Ozone Depletion
Global Warming
Smog
Acidification
Eutrophication
Carcinogens
Non-Carcinogens
Respiratory Effects
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Table C2: Overall average results of the values presented in Table C1 
 
  
Impact Category Civil Works Equipment
Operating 
Energy
Water 
Emissions
Soil 
Emissions
Operating Air 
Emissions
Ozone depletion 1.35E-07 2.55E-08 7.20E-07 0.00E+00 0.00E+00 0.00E+00
Global warming 7.44E-06 1.13E-06 4.39E-05 0.00E+00 0.00E+00 7.48E-06
Smog 1.33E-05 1.23E-06 2.05E-05 0.00E+00 0.00E+00 5.45E-08
Acidification 1.03E-05 1.83E-06 4.45E-05 0.00E+00 0.00E+00 1.44E-05
Eutrophication 2.06E-05 5.85E-06 4.04E-04 1.25E-03 0.00E+00 3.82E-06
Carcinogens 5.14E-04 4.59E-04 1.68E-03 0.00E+00 2.70E-04 0.00E+00
Non carcinogens 6.47E-05 3.52E-05 3.10E-04 0.00E+00 4.74E-03 0.00E+00
Respiratory 
effects 1.21E-05 1.92E-06 1.37E-04 0.00E+00 0.00E+00 1.91E-06
Ecotoxicity 1.24E-04 6.66E-05 9.50E-04 0.00E+00 5.01E-04 0.00E+00
Fossil fuel 
depletion 1.07E-05 1.15E-06 4.37E-05 0.00E+00 0.00E+00 0.00E+00
Process
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Table C3: Raw LCI values  
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Table C4: LCI values per m3 of treated wastewater over 20 years 
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Table C5: Unit process normalization factor for each impact category 
 
  
Process Input Ozone Depletion
Global 
Warming Smog Acidification Eutrophication Carcinogens
Non 
Carcinogens
Respiratory 
Effects Ecotoxicity
Fossil Fuel 
Depletion
Asphalt 4.759E-07 1.165E-05 1.302E-05 2.191E-05 3.325E-05 1.665E-04 3.868E-05 1.122E-05 7.824E-05 3.692E-05
Clay Brick 2.294E-07 1.308E-05 1.459E-05 1.331E-05 1.917E-05 2.352E-04 4.603E-05 7.794E-06 1.199E-04 2.420E-05
Sawnwood 1.254E-04 5.072E-03 1.365E-02 9.482E-03 1.528E-02 1.356E-01 5.314E-02 1.298E-02 6.812E-02 9.755E-03
Concrete 1.163E-04 9.348E-03 1.005E-02 8.221E-03 1.263E-02 1.121E-01 3.241E-02 5.180E-03 6.643E-02 9.173E-03
Excavation 7.880E-07 2.216E-05 1.086E-04 5.612E-05 3.263E-05 4.831E-04 3.941E-05 3.034E-05 9.328E-05 5.992E-05
Limestone 7.453E-09 2.311E-07 1.144E-06 7.062E-07 4.660E-07 4.509E-06 9.708E-07 1.089E-06 2.245E-06 5.707E-07
Polystyrene 9.545E-07 1.862E-04 1.364E-04 1.833E-04 2.009E-04 2.956E-03 2.666E-04 8.664E-05 1.052E-03 7.075E-04
Reinforcing Steel 9.055E-07 8.662E-05 8.483E-05 1.034E-04 4.388E-04 2.281E-02 1.337E-03 1.512E-04 3.537E-03 6.996E-05
Sand 1.439E-08 4.924E-07 1.207E-06 9.204E-07 1.201E-06 1.413E-05 3.012E-06 5.745E-07 7.118E-06 1.102E-06
Transport  1.454E-07 3.752E-06 1.124E-05 6.399E-06 5.053E-06 4.514E-05 2.055E-05 3.265E-06 4.561E-05 1.102E-05
Aluminum 9.175E-06 2.360E-04 2.545E-04 4.176E-04 8.765E-04 2.005E-02 2.817E-03 3.424E-04 6.175E-03 2.626E-04
Cast Iron 7.513E-07 7.330E-05 7.153E-05 8.945E-05 2.457E-04 5.283E-02 2.617E-03 1.306E-04 4.266E-03 5.866E-05
Copper 4.122E-05 3.183E-04 8.818E-04 3.812E-03 2.854E-02 1.064E-01 1.480E-01 1.790E-03 2.993E-01 5.830E-04
Fiberglass 1.419E-06 9.978E-05 1.642E-04 1.956E-04 3.249E-04 2.780E-03 1.156E-03 1.342E-04 1.557E-03 1.704E-04
Polypropylene 1.180E-07 8.470E-05 6.744E-05 7.385E-05 4.013E-05 1.046E-03 4.004E-05 2.231E-05 2.970E-04 5.429E-04
Rubber 5.296E-06 1.244E-04 1.074E-04 1.591E-04 3.567E-04 2.365E-03 5.965E-04 1.286E-04 1.514E-03 5.925E-04
Stainless Steel 7.097E-07 6.857E-05 7.371E-05 9.087E-05 5.721E-04 3.835E-02 2.810E-03 1.482E-04 6.748E-03 5.711E-05
Transport  1.454E-07 3.752E-06 1.124E-05 6.399E-06 5.053E-06 4.514E-05 2.055E-05 3.265E-06 4.561E-05 1.102E-05
Plastic Pipes 
(Polyethylene)
2.076E-07 1.917E-05 1.701E-05 2.727E-05 8.566E-05 5.006E-04 8.571E-05 3.106E-05 2.513E-04 1.825E-05
Plastic Pipes (PVC) 2.076E-07 1.917E-05 1.701E-05 2.727E-05 8.566E-05 5.006E-04 8.571E-05 3.106E-05 2.513E-04 1.825E-05
Light Clay Brick 1.621E-07 6.679E-06 8.966E-06 8.669E-06 1.583E-05 2.477E-04 4.541E-05 4.953E-06 1.055E-04 1.750E-05
Generator 1.150E-02 1.814E-01 3.121E-01 1.112E+00 7.548E+00 5.921E+01 3.944E+01 5.752E-01 7.914E+01 2.454E-01
Diesel 1.053E-04 2.903E-03 7.827E-03 4.319E-03 3.001E-03 3.663E-02 3.460E-03 1.474E-03 7.593E-03 7.984E-03
Electricity 4.632E-07 2.844E-05 1.287E-05 2.874E-05 2.632E-04 1.096E-03 2.018E-04 8.915E-05 6.193E-04 2.802E-05
BOD5, Biological 
Oxygen Demand
0.000E+00 0.000E+00 0.000E+00 0.000E+00 2.313E-03 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Phosphorous, total 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.476E-01 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Nitrogen 0.000E+00 0.000E+00 0.000E+00 0.000E+00 4.563E-02 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Copper 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 3.561E-02 0.000E+00 2.638E+00 0.000E+00
Ammonia-soil 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Lead 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.432E+00 2.523E+01 0.000E+00 1.996E-02 0.000E+00
Mercury 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 3.794E+02 2.256E+03 0.000E+00 1.409E+00 0.000E+00
Arsenic 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 7.436E+00 2.761E+01 0.000E+00 1.933E+00 0.000E+00
Molybdenum 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 4.437E+00 0.000E+00 1.337E-02 0.000E+00
Nickel 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 2.011E+00 5.665E-03 0.000E+00 6.920E-01 0.000E+00
Nitrate 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Cadmium 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 9.143E+00 1.228E+02 0.000E+00 4.463E-01 0.000E+00
Chromium 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 5.140E+01 5.798E-03 0.000E+00 2.403E+00 0.000E+00
Selenium 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Zinc 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 4.142E+01 0.000E+00 1.906E+00 0.000E+00
Ammonia-air 0.000E+00 0.000E+00 0.000E+00 2.070E-02 5.487E-03 0.000E+00 0.000E+00 2.749E-03 0.000E+00 0.000E+00
Dinitrogen Monoxide 0.000E+00 1.230E-02 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Methane 0.000E+00 1.032E-03 1.033E-05 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Equipment
Operating 
Air 
Emissions
Water 
Emissions
Soil 
Emissions
Civil Works
Energy
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Energy Intensity Calculations: 
The following information provides the steps taken to calculate the actual and regression 
estimated energy intensities of the case studies, as well as the carcinogen impact from 
operating energy in kWh/m3.  
Actual Energy Intensity = energy usage �kWhyear�average flow rate � m3year� 
 
Prediction Energy Intensity = Y, where: ln(𝑌𝑌) = −0.33 + 0.257𝑥𝑥1 + 0.264𝑥𝑥2 + 0.273𝑥𝑥3 + 0.164 ln(𝑥𝑥4) − 0.323 ln(𝑥𝑥5)
− 0.268 ln(𝑥𝑥6) + 0.256ln (𝑥𝑥7) 
 
Table C6: Regression estimated energy intensity and corresponding variables  
 Carcinogen impact from operating energy = LCI electricity usage � kwhm3 per US citizen�
∗ non normalized carcinogen impact factor (CTUh)÷ normalized carcinogen impact factor (impact in CTUh per US citizen 2008) 
 
Table C7: Carcinogen impact from operating energy 
 
Table C8: Carcinogen impact TRACI v2.1 factors 
 
 
 
Model Input Variable A B C D E F G H I J K L
Extended Aeration (Yes=1, No=0) x1 0.00 1.00 0.00 0.00 0.00 1.00 0.00 1.00 0.00 1.00 1.00 0.00
Aerobic Sludge Digestion (Yes=1, No=0) x2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00 1.00
Dewatering Process (Yes=1, No=0) x3 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Climate Controlled Floor Area (m2) x4 213.68 250.84 120.77 232.26 102.19 27.87 278.71 46.45 32.52 278.71 650.32 71.54
Average Flow (m3/day) x5 216.79 488.32 431.54 1,605.01 851.72 151.42 3,444.72 662.45 416.40 632.16 1,472.53 340.69
Average Daily Design Flow Capacity x6 0.32 0.58 0.44 0.58 0.27 0.48 0.50 0.53 0.69 0.91 0.77 0.53
Average Influent CBOD5 (mg/L) x7 254.00 228.25 289.00 173.75 157.67 122.75 170.17 207.10 82.33 72.00 136.60 114.00
Argument ln(Y) 0.80 0.63 0.43 0.18 0.16 0.54 -0.27 0.26 -0.48 0.15 0.23 0.13
Regression Estimated Energy Intensity (Y) Y 2.22 1.88 1.54 1.20 1.17 1.72 0.76 1.29 0.62 1.16 1.25 1.14
Carcinogen 
Impact Factor 
TRACI v2.1
Reference Unit
Non-Normalized 6.37029E-08 CTUh
Normalized 5.2719E-05 Impact per US Citizen 2008
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Example) 
Plant A Actual Energy Intensity = 194,667 �kWhyr �(0.0579MD ) ∗ �3785 m3d1MD � ∗ �365 dyr� = 2.4 
 Plant A Predicted Energy Intensity= e−0.33+(0.257∗0)+(0.264∗1)+(0.273∗0)+(0.164 ln(213.68))−(0.323 ln(216.79))−(0.268 ln(0.32))+(0.256ln (254))= 2.22 
  Plant A Carcinogen impact from operating energy= �2.46 kwhm3 per US citizen� ∗ (6.37 ∗ 10−8 CTUh)÷ (5.27 ∗ 10−5 CTUh per US citizen 2008) = 0.003kWh/m3 
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Table C9: Percent difference between the overall average environmental impacts of the 
12 case studies and the individual plant for each process in each impact category, where 
the highlighted values represent plants with an absolute value percent difference from the 
average greater than or equal to 80% 
 
A B C D E F G H I J K L
Civil Works 240% 95% 79% 15% 31% -36% -44% -71% -78% -68% -78% -86%
Equipment -17% -46% 14% -58% -13% 218% -13% -55% 23% -32% -60% 39%
Operating Energy 63% 57% 11% 27% -27% 0% -37% -33% 9% -10% -21% -40%
Civil Works 178% 62% 77% 7% 59% -17% -21% -62% -68% -63% -69% -82%
Equipment 5% -26% 47% -32% -10% 154% -28% -52% 7% -23% -52% 10%
Operating Energy 62% 57% 11% 27% -27% 1% -36% -33% 10% -10% -20% -41%
Operating Air Emissions 28% -14% 38% -7% 34% -34% -18% -8% -25% 45% -19% -19%
Civil Works 265% 109% 85% 21% 2% -39% -49% -72% -79% -77% -79% -86%
Equipment 1% -30% 42% -37% 19% 148% -27% -53% 9% -24% -55% 8%
Operating Energy 67% 57% 12% 25% -27% -2% -38% -32% 6% -12% -21% -36%
Operating Air Emissions 42% -45% 59% -3% 39% -27% -6% 19% -44% 17% -24% -28%
Civil Works 238% 94% 83% 16% 19% -32% -40% -70% -76% -71% -76% -85%
Equipment 3% -32% 40% -43% 14% 149% -26% -53% 5% -20% -56% 17%
Operating Energy 62% 57% 11% 27% -27% 1% -36% -33% 9% -10% -20% -40%
Operating Air Emissions 25% 38% -12% -25% 5% -86% -45% -78% 13% 186% -35% 13%
Civil Works 195% 69% 84% 11% 28% -16% -21% -63% -68% -67% -69% -82%
Equipment 18% -23% 65% -41% 0% 96% -24% -51% 9% -2% -58% 12%
Operating Energy 61% 57% 10% 28% -27% 2% -36% -34% 10% -9% -20% -42%
Water Emissions -45% 82% -18% 29% 41% -7% -54% -67% 27% 11% 19% -18%
Operating Air Emissions 25% 38% -12% -25% 5% -86% -45% -78% 13% 186% -35% 13%
Civil Works 78% 16% 80% -4% 63% 20% 24% -43% -51% -57% -52% -74%
Equipment 54% 9% 102% 6% -68% 92% -45% -42% -27% 7% -36% -52%
Operating Energy 61% 57% 10% 28% -27% 2% -36% -34% 10% -9% -20% -42%
Soil Emissions -3% -45% 22% 116% 52% 44% 6% 0% -40% -82% -51% -21%
Civil Works 217% 78% 87% 15% 13% -21% -27% -66% -71% -72% -72% -83%
Equipment 44% -6% 88% -19% -23% 79% -39% -44% -20% 12% -47% -26%
Operating Energy 61% 57% 10% 28% -27% 2% -36% -34% 10% -9% -20% -42%
Soil Emissions -36% -31% -17% 59% 104% -32% -9% 0% -36% 64% -19% -30%
Civil Works 278% 113% 90% 24% -15% -39% -50% -75% -80% -79% -80% -86%
Equipment 13% -21% 57% -29% -19% 134% -28% -51% 6% -16% -51% 4%
Operating Energy 61% 57% 10% 28% -27% 2% -36% -34% 10% -9% -20% -42%
Operating Air Emissions 25% 38% -12% -25% 5% -86% -45% -78% 13% 186% -35% 13%
Civil Works 148% 48% 81% 4% 49% -3% -4% -55% -62% -63% -63% -79%
Equipment 37% -10% 85% -25% -25% 80% -32% -46% -5% 8% -50% -18%
Operating Energy 61% 57% 10% 28% -27% 2% -36% -34% 10% -9% -20% -42%
Soil Emissions -74% 21% 14% 93% 65% -59% 2% 0% -37% 73% -31% -52%
Civil Works 233% 90% 76% 13% 49% -37% -45% -71% -78% -66% -78% -86%
Equipment -7% -36% 31% -38% 30% 162% -27% -52% 10% -31% -54% 14%
Operating Energy 64% 57% 11% 26% -27% 0% -37% -33% 9% -11% -21% -39%
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Table C10: Percentage of reinforced concrete sorted by use for buildings, basins/process 
equipment, and paving/sidewalk showing the amount of auxiliary infrastructure 
associated with each plant 
 
 
 
 
 
 
 
 
  
Plant Buildings Basins/Process Equipment Paving/Sidewalk   
A 23% 73% 4%
B 9% 91% 1%
C 29% 65% 6%
D 8% 54% 37%
E 33% 57% 10%
F 8% 91% 1%
G 21% 71% 8%
H 4% 88% 8%
I 49% 34% 17%
J 23% 73% 4%
K 41% 51% 9%
L 15% 72% 13%
Average 22% 68% 10%
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Scenario Sensitivity Analyses: 
 
The following section provides supplemental information relating to the three 
scenario sensitivity analyses conducted for this study.  
 
 
Plant Design Life: 
Table C11: WRRF Original Build Dates 
 
Plant Build Date 
C 2011 
G 1993 
L 1984 
F 1960 
K 1967 
E 1975 
J 1975 
I 1969 
B 1975 
A 2000 
H 1980 
D 2012 
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Figure C1: Average normalized environmental impact from construction for the 12 case 
studies for six design life scenarios for each impact category   
N
or
m
al
iz
ed
 E
nv
iro
nm
en
ta
l I
m
pa
ct
Design Life (Years)
0.0E+00
2.0E-07
4.0E-07
6.0E-07
8.0E-07
1.0E-06
1.2E-06
D. Ozone Depletion
0.0E+00
2.0E-05
4.0E-05
6.0E-05
F. Global Warming
0.0E+00
1.0E-05
2.0E-05
3.0E-05
4.0E-05
5.0E-05
A. Smog
0.0E+00
2.0E-05
4.0E-05
6.0E-05
8.0E-05
E. Acidification
0.0E+00
5.0E-04
1.0E-03
1.5E-03
2.0E-03
J. Eutrophication
0.0E+00
1.0E-03
2.0E-03
3.0E-03
4.0E-03
B. Carcinogens
0.0E+00
1.0E-03
2.0E-03
3.0E-03
4.0E-03
5.0E-03
6.0E-03
I. Non Carcinogens
0.0E+00
5.0E-05
1.0E-04
1.5E-04
H. Respiratory Effects
0.0E+00
5.0E-04
1.0E-03
1.5E-03
2.0E-03
G. Ecotoxicity
0.0E+00
2.0E-05
4.0E-05
6.0E-05
C. Fossil Fuel Depletion
127 
 
Solar Panel Infrastructure: 
 
 
Table C12: Solar LCI model input data 
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Table C13: Scenario sensitivity – solar unit process normalized values. Used for 
calculation of scenario LCA results based on step 4 in Appendix A 
 
Table C14: Percent increase of the average normalized construction impact (the impact 
from operating energy decreased by a constant rate of 70%) for each impact category 
when the scenario of solar energy is introduced to a plant 
 
 
 
 
 
 
 
 
 
 
 
  
Category Input Ozone Depletion
Global 
Warming Smog Acidification Eutrophication Carcinogens
Non 
Carcinogens
Respiratory 
Effects Ecotoxicity
Fossil Fuel 
Depletion
Solar Energy Solar Panel Infrastructure 1.62 55.55 54.13 88.95 322.87 3823.11 923.94 90.96 3734.84 63.20
129 
 
End-of-life: 
Table C15: Scenario sensitivity – end-of-life unit process normalized values used for 
calculation of LCA results based on step 4 in Appendix A 
 
Figure C2:  Average characterized environmental impacts for each case study comparing 
two end-of-life scenarios for the site-specific amount of reinforced concrete for the 
impact categories where the end-of-life phase has the most impact 
 
Category Input Ozone Depletion
Global 
Warming Smog Acidification Eutrophication Carcinogens
Non 
Carcinogens
Respiratory 
Effects Ecotoxicity
Fossil Fuel 
Depletion
Wasting Reinforced 
Concrete 1.29E-06 1.00E-05 1.70E-05 9.68E-07 2.23E-06 5.77E-07 1.70E-06 2.86E-08 1.94E-06 2.28E-06
Recycling Reinforced 
Concrete 5.98E-07 2.95E-06 6.58E-07 3.06E-07 6.41E-07 2.32E-07 2.90E-07 8.39E-09 1.59E-06 1.18E-06
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Figure C3: Average characterized environmental impacts comparing two end-of-life 
scenarios for the site-specific amount of reinforced concrete assuming a transportation 
distance of 200 km 
 
Figure C4: Average characterized environmental impacts comparing two end-of-life 
scenarios for the site-specific amount of reinforced concrete assuming a transportation 
distance of 400 km  
  
 
